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High concentrations of atmospheric carbon dioxide from an accumulation of 
greenhouse gases contribute to global warming. Hence, there is an urgent need 
to reduce atmospheric carbon dioxide levels. As compared to other physical 
and abiotic methods of carbon dioxide mitigation, biological carbon dioxide 
sequestration by photosynthesis is a sustainable approach for carbon dioxide 
capture in the long term. Microalgae are suitable candidates for photosynthetic 
carbon dioxide sequestration due to their high growth rate and carbon dioxide 
fixation capabilities as well as their ability to produce valuable co-products via 
the bioconversion of carbon dioxide. Dunaliella, a halotolerant unicellular 
green microalga, is a potential microalgal candidate for carbon dioxide capture 
with extracellular glycerol posing as a novel carbon sink. In this project, the 
growth kinetics and glycerol production of D. bardawil, D. primolecta and D. 
tertiolecta were characterized. Of the three species investigated, D. tertiolecta 
was selected as a candidate for carbon dioxide sequestration and its potential 
for carbon dioxide capture was evaluated through carbon partitioning studies 
of glycerol synthesis. It was demonstrated that extracellular glycerol produced 
by D. tertiolecta functions as an extended and effective carbon sink. The 
carbon partitioning studies revealed that carbon channeling from a constant  
rate of carbon fixation is the predominant mechanism for glycerol synthesis in 
D. tertiolecta instead of an increase in carbon dioxide fixation as observed in 
another Dunaliella species, D. salina. The investigation of glycerol synthesis 
of D. tertiolecta at nitrogen and light- limited culture conditions revealed that 
intracellular glycerol accumulation in light- limited D. tertiolecta is determined 
by partitioning of glycerol across the cell membrane instead of de novo 
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synthesis in response to salinity as in nitrogen- limited conditions. To increase 
carbon dioxide fixation and glycerol production in D. tertiolecta, a cDNA 
coding for SBPase, DtSBP, was cloned from D. tertiolecta and homologously 
over-expressed. However, the over-expression of DtSBP in D. tertiolecta did 
not result in a significant increase in photosynthetic rate when compared to the 
wild-type. It was hypothesized that other factors such as the availability of 
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Chapter 1 Literature review 
1.1 Effects of rising atmospheric carbon dioxide levels 
The accumulation of atmospheric greenhouse gases (GHG) as a result of 
human activities and industrialization is regarded to be the principal cause of 
global warming. As a result, average surface temperatures of the Earth are 
expected to rise by up to 6°C during the 21st century (Intergovernmental Panel 
on Climate Change, 2007). Consequences of an increase in the temperature of 
the Earth’s atmosphere include severe climatic changes such as shifts in 
precipitation patterns, leading to disruption of agriculture and food supply 
(Kamal, 1997). Another effect of global warming is the widespread melting of 
glaciers, permafrost and sea ice, leading to a rise in sea levels which may 
result in flooding of populated low lying coastal areas (Intergovernmental 
Panel on Climate Change, 2013).  
Carbon dioxide is the major component of anthropogenic GHG and accounts 
for 68% of total GHG emissions (Ho et al., 2011). The burning of fossil fuels 
is the major cause of elevated atmospheric carbon dioxide levels with power 
plant flue gas accounting for more than a third of global carbon dioxide 
emissions (Stewart and Hessami, 2005). Other sources include emissions from 
deforestation and biomass burning (Houghton, 2003, Andreae and Merlet, 
2001, van der Werf et al., 2004). The annual rise of atmospheric carbon 
dioxide has accelerated with the rate of increase from 2004-2013 more than 
double that in the 1960s (Scripps CO2 program, http://scrippsco2.ucsd.edu/). 
Consequently, carbon dioxide concentrations in the atmosphere have increased 
nearly 40% from 280 ppm in the 18th century to 390 ppm in 2010 (National 
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Research Council, 2010). In 2014, concentrations of atmospheric carbon 
dioxide reached the 400 ppm mark as measured by the Scripps Institution of 
Oceanography and the National Oceanic and Atmospheric Administration 
(NOAA) at the Mauna Loa Observatory in Hawaii (Scripps CO2 program, 
http://scrippsco2.ucsd.edu/; Earth System Research Laboratory Global 
Monitoring System, www.esrl.noaa.gov/gmd/ccgg/trends/). To avoid 
irreversible damage to the environment from the effects of global warming, it 
has been recommended that carbon dioxide levels be reduced to 350 ppm 
(Hansen et al., 2008). Thus, there is an urgent need to reduce GHG emissions, 
especially carbon dioxide. Several strategies have been proposed for carbon 
dioxide sequestration. These include the use of physicochemical absorbents, 
direct injection to geological formations or deep oceans and biological carbon 
dioxide mitigation with carbon dioxide being converted to organic matter 
through photosynthesis (Kumar et al., 2010, Ho et al., 2011). However, abiotic 
carbon dioxide mitigation methods pose significant challenges such as leakage 
and large space requirements.  
1.2 Carbon dioxide capture by bacteria 
 
Carbon dioxide capture by bacteria is a biotic method of carbon sequestration. 
Autotrophic bacteria can obtain chemical energy from light, inorganic or 
organic sources and utilize inorganic sources of carbon such as carbon dioxide.   
Chemolithoautotrophs oxidise inorganic compounds (e.g. S2-, S203
2-, NH3, H2) 
and use inorganic carbon compounds as sources of carbon. A novel sulphur 
oxidizing chemolithoautotrophic bacterium, Sulfurovum lithotrophicum 
42BKT isolated from deep-sea vents has been shown to have a fast carbon 
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dioxide fixation rate (0.42 g CO2 g per cell per h) and can fix carbon dioxide 
at high pressures of 2 atm (Kwon et al., 2014).   
Anoxygenic phototrophic purple bacteria are a major group of phototrophic 
microorganisms which are widely distributed in anoxic aquatic environments. 
Purple bacteria contain bacteriochlorophylls and carotenoids which function as 
photosynthetic pigments and can grow autotrophically using carbon dioxide as 
the sole carbon source. Thus, they convert light energy to chemical energy and 
participate in the cycling of carbon. In the presence of light as an energy 
source, purple sulphur bacteria oxidize hydrogen sulphide and produce sulphur 
(Madigan and Jung, 2009).  
Conversely, purple non-sulphur bacteria can grow both phototrophically or in 
the dark. In the presence of light at anoxic conditions, most purple non-sulphur 
bacteria grow optimally as photoheterotrophs using organic electron donors 
such as malate or pyruvate in carbon dioxide fixation. In the absence of light, 
these organic compounds are also utilized as electron donors and carbon 
sources. Some species of purple non-sulphur bacteria are also capable of dark 
chemolithotrophic growth by using H2 and S2O3 as electron donors (Madigan 
and Jung, 2009).  
Mineralising bacteria can also convert and store carbon dioxide in the form of  
carbonates such as calcite, magnesite and dolomite which are accumulated 
intracellularly (Cannon et al., 2010). Heterotrophic calcium carbonate 
precipitating bacteria which use bicarbonate as carbon source and the 
formation of calcite crystals have been isolated from marble rock of 
palaeoproterozoic metasediments. As carbonates are stable long term storage 
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for carbon dioxide and can also be used as building material, these 
mineralizing bacteria demonstrate great potential to be used in carbon 
sequestration (Srivastava, 2015). 
1.3 Oxygenic photosynthesis 
Although photosynthetic and mineralizing bacteria can potentially be used for 
carbon capture, these microorganisms often require carbon sources as electron 
donors or culture conditions which are difficult to maintain (e.g. anoxic 
conditions). Hence, the use of oxygenic photosynthesis may be a long term 
environmentally sustainable approach for carbon dioxide sequestration 
(Stewart and Hessami, 2005, Kumar et al., 2010). Oxygenic photosynthesis is 
a natural process which converts sunlight, water and carbon dioxide to oxygen 
and organic matter such as sugar via the following reaction (Ho et al., 2011):  
6CO2+ 6H2O + sunlight → C6H12O6+6O2  
Oxygenic photosynthesis occurs in the chloroplast and comprises of the light-
dependent and light- independent reactions. The light-dependent reactions only 
occur in the presence of illumination while the light- independent reactions 
occur in the presence or absence of light (Ho et al., 2011). The light-dependent 
reactions generate assimilatory power in the form of ATP and NADPH for the 
conversion of carbon dioxide to carbohydrates in the light- independent 
reactions (Arnon, 1971). In the light-dependent reactions, light energy is 
converted into chemical energy which is stored in the form of ATP generated 
during cyclic and non-cyclic photophosphorylation. Reducing power in the 




The light-dependent reactions of photosynthesis consist of a series of redox 
reactions which occur in the thylakoid membranes of the chloroplast. They 
refer to the light-harvesting processes involving the photoactive complexes 
photosystem I (PSI) and photosystem II (PSII). PSII is the first protein 
complex in the light-harvesting processes of photosynthesis. It is an integral 
membrane protein complex located in the thylakoid. The light-harvesting 
process involving PSII induces a “Z scheme” unidirectional electron flow 
from OH- generated during photolysis of water to NADP which is coupled to 
non-cyclic phosphorylation of ADP (Arnon, 1971). Briefly, the antenna 
chlorophylls of PSII capture energy from light photons and transfer it to the 
P680 chlorophyll dimer in the reaction centre core. The excitation of P680 
causes it to lose an electron which is transferred through a series of electron 
carriers such as quinone and cytochrome b6f (cyt b6f) in the electron transport 
chain. The energy lost by the electron constitutes the proton-motive force and 
is used to pump protons from the stroma into the lumen of the thylakoid for 
the generation of the transmembrane proton gradient. The electron is 
eventually translocated to PSI where it is further excited and transferred 
through other electron carriers such as ferredoxin. The neutral state of P680 is 
restored when an electron is transferred from the tetra-manganese oxygen-
evolving cluster in PSII during the photolysis of water which generates 
protons and oxygen as by-products (Iverson, 2006). The protons are released 
into the lumen of the thylakoid and contribute to the transmembrane proton 
gradient. When protons pass through ATP synthase into the stroma of the 
chloroplast, ATP is generated through photophosphorylation of ADP (Nelson 
and Ben-Shem, 2004) (Fig. 1.1).  
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Similar to PSII, PSI is an integral membrane protein complex located in the 
thylakoid. The P700 chlorophyll dimer in the reaction centre of PSI is excited 
by the energy of the incoming electron from PSII and transfers an electron to a 
series of electron carriers. The P700 chlorophyll dimer may also be excited by 
light. The released electron from P700 reduces the final electron acceptor 
NADP+ to generate NADPH at the end of the electron transport chain (Fig. 
1.1). PSI is also involved in cyclic photophosphorylation where an electron in 
the reaction centre is excited by light and is directly translocated to ferredoxin 
and cyt b6f then to plastocyanin before returning to chlorophyll. ATP but not 
oxygen and NADPH is generated by cyclic photophosphorylation (Nelson and 









The Calvin cycle occurs in the stroma of chloroplasts and is responsible for 
carbon assimilation during the light- independent reactions of photosynthesis 
(Raines et al., 1999). The assimilation of one molecule of CO2 in the Calvin 
cycle requires two molecules of NADPH and three molecules of ATP 
Fig. 1.1 Photosystems and the electron transport chain involved in the light 
dependent reactions of photosynthesis (adapted from Nelson & Ben-Shem, 
2004).   
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generated during the light-dependent reactions (Arnon, 1971). The Calvin 
cycle comprises eleven distinct enzymes which catalyze thirteen reactions  
(Raines et al., 1999). The reactions of the cycle are divided into three stages, 
the first being carboxylation of the carbon dioxide acceptor molecule ribulose-
1,5-bisphosphate (RuBP) which generates 3-phosphoglycerate. The second 
phase is the reduction phase which produces triose phosphate by utilizing ATP 
and NADPH. Finally, triose phosphates are used to produce RuBP in the 
regenerative stage. During the carboxylation and reduction steps, products are 
either allocated to RuBP regeneration or exported for synthesis  of 










Fig. 1.2 The Calvin cycle showing the steps from carboxylation to regeneration 
of ribulose-1,5-bisphosphate and its associated enzymes (adapted from Raines 
et al., 1999). 
 8 
 
1.4 Microalgae for carbon dioxide sequestration by oxygenic 
photosynthesis 
Oxygenic photosynthesis can be performed by plants and photosynthetic 
microorganisms such as microalgae (Wang et al., 2008). However, terrestrial 
plants grow slowly and are not very efficient in capturing solar energy for 
photosynthetic carbon dioxide fixation (Li et al., 2008, Wang et al., 2008). It 
has been estimated that the maximum yearly conversion rate of solar energy to 
biomass by switchgrass, the fastest-growing terrestrial plant, is 1 W m-2, which 
is less than 0.5% of the solar energy received at a mid- latitude region (Lewis 
and Nocera, 2006, United Nations Development Program, 2003). Hence, 
plants are expected to contribute to only a 3-6% reduction in global carbon 
dioxide emissions (Skjanes et al., 2007). Microalgae are a diverse group of 
unicellular or simple multi-cellular photosynthetic microorganisms (Li et al., 
2008, Wang et al., 2008). As compared to plants, microalgae have higher 
growth rates, much higher carbon dioxide fixation efficiencies (10-50 times 
greater than plants) and do not compete for resources with food and other 
crops as they can be grown in closed photobioreactors or open ponds on non-
arable land using seawater or nutrient-rich agricultural waste-water (Downing 
et al., 2002, Chisti, 2007, Kumar et al., 2010, Ho et al., 2011). It has been 
estimated that the yield of microalgal biomass per acre is three to five-fold 
greater than typical crop plants (Zeiler et al., 1995). Hence, biological carbon 
dioxide mitigation by microalgae with carbon dioxide being converted to 
organic matter through photosynthesis has been proposed as one of the 
strategies for atmospheric carbon dioxide capture (Sydney et al., 2010, Ho et 
al., 2011). Microalgae can fix carbon dioxide from various sources, including 
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gaseous carbon dioxide from the atmosphere, from industrial flue gases and in 
the form of soluble carbonates (Kumar et al., 2010, Sydney et al., 2010). 
Furthermore, some microalgae strains can tolerate high carbon dioxide, NO 
and SO2 concentrations as well as high temperatures, allowing efficient 
capture of carbon dioxide directly from power plant flue gas without the need 
for pre-treatment (Zeiler et al., 1995, Ono and Cuello, 2007, Li et al., 2008). 
As microalgae also produce a vast array of valuable co-products such as 
pharmaceuticals, food additives, biofuels and cosmetics, sustainability of 
microalgal carbon dioxide mitigation can be enhanced through the extrac tion 
of these bioactive compounds from microalgal biomass. Hence, microalgae 
are suitable candidates to be used in a bio-refinery based carbon dioxide 
mitigation strategy in the carbon source and nutrients for microalgal 
cultivation for the production of high value co-products is supplied by power 
plant flue gas and waste-water respectively (National Research Council, 2010) 
(Fig. ‎1.3). As such, there has been a recent interest in the use of microalgae in 
biological carbon dioxide mitigation.  
However, there are several limitations in using microalgae for the biological 
capture of carbon dioxide on an industrial scale. Although the theoretical 
solar-to-biomass conversion efficiency of microalgae has been estimated to be 
8-10% with a maximum productivity of 77 g-biomass m-2 d-1, it has been 
observed in outdoor cultures that actual algal biomass productivities do not 
exceed 5 g L-1 d-1 with short term areal productivities of lab scale cultures 
ranging from 20 to 40 g-biomass m-2 d-1 (Lee, 2001, Melis, 2009). This 
translates to a 3% solar-to-biomass conversion efficiency which is much lower 
than the theoretical solar-to-biomass conversion efficiency (Melis, 2009). The 
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low productivity of outdoor cultures implies that the absorbed solar energy 
was not efficiently converted into biomass. Several factors such as light 
saturation, slow rate of carbon dioxide fixation and slow response to varying 
solar irradiance could have limited the conversion of absorbed light energy 
into biomass (Green and Durnford, 1996). Approaches such as 











Nevertheless, several studies have quantified the carbon dioxide fixation 
abilities of various microalgae to evaluate the potential of microalgae in 
biological sequestration of carbon dioxide via photosynthesis. A variety of 
microalgae, cultivation systems and operation modes have been investigated.  




Power plant flue gas 
 




Pharmaceuticals Food additives Biofuels Cosmetics 
Fig. 1.4 Schematic representation of a bio-refinery based strategy for 
photosynthetic conversion of solar energy, carbon dioxide and wastewater 
into co-products by microalgae.  
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carbon dioxide capture is highly dependent on strain as well as culture 
conditions.  
Industrially important microalgae such as Chlorella and Spirulina which are 
used in health and nutritional supplements, have been widely studied for 
carbon dioxide conversion into biomass (Spolaore et al., 2006). It has been 
shown that in addition to having a high rate of carbon dioxide fixation, 
Chlorella sp. can tolerate high concentrations of carbon dioxide (20%) and 
temperature (35°C) (Hanagata, 1992). A study of reduction of carbon dioxide 
by a high-density Chlorella sp. culture showed that growth of the culture in a 
continuous photobioreactor system was similar at carbon dioxide 
concentrations up to 15%, indicating that these microalgae have the potential 
to tolerate and remove high concentrations of carbon dioxide in flue gas 
directly introduced into the culture (Chiu et al., 2008).  
Similarly, Spirulina sp. can tolerate high concentrations of carbon dioxide up 
to 18%. In the presence of 18% carbon dioxide in a vertical tubular 
photobioreactor, biomass of Spirulina sp. continued to fix carbon dioxide and 
biomass increased throughout the growth period (De Morais and Costa, 
2007b). Moreover, Spirulina sp. grows at highly alkaline conditions (pH 9.5-
9.8) not tolerated by most microorganisms, thus reducing the risk of 
contamination (Hu, 2004).   
Although microalgae such as Aphanothece microscopica Nageli (5435 mg L-1 
d-1) (Jacob-Lopes et al., 2009) and Chlorella vulgaris (3450 mg L-1 d-1) (Fan et 
al., 2008) have been shown to have considerable carbon dioxide removal 
abilities, these investigations have mainly been focused on the use of 
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microalgal biomass as a carbon sink. One disadvantage of this approach is that 
the maximum potential of carbon dioxide fixation by microalgae into biomass 
and other intracellular products is limited by the volume of the cells. In 
addition, the process of cell disruption for the extraction of intracellular 
products is energy intensive. Furthermore, the remaining biomass after 
extraction contains a significant proportion of the fixed carbon dioxide which 
will be released into the environment during waste treatment unless another 
use is found for it. Biomass is also prone to spontaneous decomposition, 
resulting in a release of carbon dioxide back into the atmosphere (Chow et al., 
2013). 
Table 1.1 Carbon dioxide fixation ability and biomass productivity of several 
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Thus, a more suitable candidate for carbon dioxide sequestration may be a 
microalga which sequesters fixed carbon dioxide into a stable and industrially 
valuable extracellular product. Unlike biomass, the potential of an 
extracellular product as a carbon sink is not limited to the volume inside the 
cells. Less energy may also be required for the harvesting of an extracellular 
product as cell disruption is not required. Hence, this may be a more effective 
approach to microalgal carbon dioxide sequestration.  
1.5  Introduction to Dunaliella 
Dunaliella is a biflagellate unicellular green microalga grouped in the class 
Chlorophyceae, order Chlamydomonadales and family Dunaliellaceae (Ben-
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Amotz et al., 2009, National Center for Biotechnology Information). 
Dunaliella cells are mostly radially symmetrical with shapes ranging from 
ellipsoidal to almost spherical. Vegetative cells of Dunaliella range from 2 to 
28 µm in length and 1 to 15 µm in width (Ben-Amotz et al., 2009). Members 
of the Dunaliella genus are obligate photoautotrophs which depend entirely on 
carbon fixation during photosynthesis (Ben-Amotz et al., 2009). Some 
Dunaliella species such as D. salina and D. bardawil are biotechnologically 
important as they produce large amounts of carotenoids and are cultivated 
industrially as a source of beta-carotene (Ben-Amotz and Avron, 1990).  
A unique feature of Dunaliella is that it is one of the most halotolerant 
eukaryotic microorganisms known and members of the genus can survive at 
salinities ranging from 0.1 M to greater than 5 M NaCl (Ben-Amotz and 
Avron, 1981). There are currently 28 recognized species of Dunaliella (Ben-
Amotz et al., 2009). Oligo-euryhaline species of Dunaliella grow better at low 
salinities of 0.05 M to 1 M NaCl but can tolerate up to 5 M NaCl while 
hyperhaline species thrive at 1 M NaCl to 2 M NaCl (Ben-Amotz et al., 2009). 
Consequently, species of Dunaliella can be found in a variety of marine 
habitats including oceans, brine lakes and water bodies containing more than 
10% salt (Ben-Amotz and Avron, 1990).  
1.6  Osmoregulation in Dunaliella 
Unlike most microalgae, Dunaliella cells lack a rigid polysaccharide cell wall 
and are enclosed in an elastic glycoprotein cell coat which allows rapid 
changes in cell volume in response to fluctuations in external osmotic pressure  
(Chen and Jiang, 2009, Oren, 2005). To maintain osmotic balance, Dunaliella 
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cells accumulate intracellular glycerol as an osmotic solute with glycerol 
concentrations proportional to extracellular osmotic pressure (Ben-Amotz and 
Avron, 1981, Borowitzka and Borowitzka, 1988, Ben-Amotz and Avron, 
1990). In some Dunaliella species, glycerol may account for 50% of the dry 
weight (Ben-Amotz and Avron, 1990). Although it has been demonstrated that 
glycerol is produced by Dunaliella in response to NaCl, previous 
investigations have shown that Dunaliella also produces glycerol in response 
to external sucrose and glucose, suggesting that glycerol synthesis in 
Dunaliella is triggered by osmotic pressure rather than ionic strength 
(Wegmann, 1971).   
Glycerol synthesis in Dunaliella is activated by changes in cell volume 
resulting from changes in osmotic pressure. During a hyperosmotic shock, the 
cells shrink rapidly and glycerol synthesis begins in a few hours, preventing 
net water loss from the cells and allowing the resumption of cell volume. It 
has been suggested that the osmosensing mechanism in Dunaliella is triggered 
by an increase in plasma membrane lipid order or a decrease in membrane 
fluidity as demonstrated by the inability of D. salina cells to recover from a 
hyperosmotic shock when sterol biosynthesis was inhibited (Zelazny et al., 
1995). It has also been shown that a hyperosmotic shock induces 
hyperpolarization of the Dunaliella cell membrane which activates a plasma 
membrane ATPase postulated to be the primary signal for osmoregulation 
(Oren-Shamir et al., 1990).  
During a hypoosmotic shock, there is a net water gain by the cells when 
salinity decreases. When glycerol is eliminated, osmotic balance is restored  
and cells return to their original volume (Fig. 1.4). Finally, transcriptional 
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changes and accumulation of salt-regulated proteins occur during the long 
term response of hyperosmotic and hypoosmotic shocks in the adaptation of 









In addition to intracellular glycerol, it has been suggested by some reports that 
Dunaliella also produces extracellular glycerol. However, there is conflicting 
data on this observation. Some studies have suggested that glycerol 
concentration in Dunaliella is strictly controlled with minimal leakage of 
glycerol from wild-type cells at normal growing conditions (Ben-Amotz and 
Avron, 1981). These studies report that glycerol leakage occurs at conditions 
such as low salinity below 0.6 M NaCl, KCl salinization, high temperatures 
above 60°C, immobilization in calcium alginate beads and sudden hypotonic 
shocks (Ben-Amotz and Avron, 1973, Wegmann et al., 1980, Grizeau and 
Navarro, 1986, Zidan et al., 1987, Fujii and Hellebust, 1992, Ahmed and 
Zidan, 1987) or by mutants (Hard and Gilmour, 1991). However, other 
Fig. 1.4 The osmotic response of Dunaliella during hyperosmotic and 
hypoosmotic stress (adapted from Chen & Jiang, 2009). 
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investigations have reported that Dunaliella cells release significant amounts 
of glycerol even under normal growing conditions, with extracellular glycerol 
production by D. tertiolecta comprising almost 50% of extracellular material 
(Hellebust, 1965, Huntsman, 1972, Jones and Galloway, 1979). Glycerol 
release from Dunaliella has been hypothesized to be the result of diffusion or 
through the formation of transient non-specific pores in the cell membrane 
(Enhuber and Gimmler, 1980, Fujii and Hellebust, 1992).  
1.7  Glycerol as a carbon sink 
Glycerol is a stable compound which is less prone to decomposition unlike 
other products such as biomass, making it an attractive candidate as a carbon 
sink for carbon dioxide sequestration (Chow et al., 2013). The possibility of 
extracellular glycerol production by Dunaliella also signals that carbon 
dioxide sequestration may not be restricted to the volume of the cell. 
Furthermore, glycerol is an industrially important chemical with a variety of 
uses in the personal care, food and pharmaceutical industries. It is also a 
common feedstock in chemical and biochemical processes (Pagliaro et al., 
2007). Currently, the majority of the market demand for glycerol is produced 
as a by-product of the first generation transesterification reaction in the 
biodiesel or soap industries. However, there has been a shift to second 
generation biodiesel routes such as hydrocracking in recent years  which may 
result in a dwindling supply of glycerol (Chow et al., 2013). Hence, the use of 
Dunaliella for carbon dioxide sequestration as well as glycerol production 
may represent an alternative and sustainable source of glycerol which does not 
fluctuate with trends in biodiesel production. Although a technically feasible 
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photosynthetic bioconversion process for the production of intracellular 
glycerol from Dunaliella was previously proposed, it was found to have low 
economic feasibility due to high capital and production costs (Chen and Chi, 
1981). To date, no process has been developed for large-scale glycerol 
production using Dunaliella (Oren, 2005). It is hoped that a more detailed 
investigation into glycerol production of Dunaliella will provide further 
insights into the development of a more viable bioprocess for glycerol 
production.   
1.8  Dunaliella for carbon dioxide sequestration 
In addition to the potential of Dunaliella to produce glycerol as a carbon sink 
and industrial commodity, there are several other advantages of using 
Dunaliella in biological carbon dioxide sequestration. Based on previous 
investigations, a species of Dunaliella, D. tertiolecta, has been estimated to 
have moderate carbon dioxide consumption rates ranging from 110 to 
approximately 300 mg L-1 d-1 (Kishimoto et al., 1994, Sydney et al., 2010, 
Farrelly et al., 2014). Moreover, Dunaliella can be cultivated in high salinity 
environments, thus using saline water not suitable for the growth of most 
microalgae as well as creating an unfavourable environment for competitive 
organisms or predators of the microalgae. This minimizes the risk of 
contamination by other microorganisms, especially in open-pond outdoor 
cultures (Bacellar Mendes and Vermelho, 2013). Hence, Dunaliella may be a 
suitable microalgal candidate for carbon dioxide sequestration via 
photosynthesis.    
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1.9  Project objectives and hypotheses 
Therefore, the overall objective of this project is to evaluate Dunaliella as a 
potential candidate for carbon dioxide sequestration through the channeling of 
fixed carbon into glycerol production. The first aim is to select a suitable 
Dunaliella species for further investigation by quantifying the growth and 
glycerol production of three species. As it has not been well established 
whether Dunaliella releases glycerol to the external environment under normal 
growing conditions, the presence of extracellular glycerol in these Dunaliella 
species will be determined. The potential of extracellular glycerol as a novel 
carbon sink in Dunaliella will be evaluated through the investigation of the 
kinetics of glycerol production and characterization of carbon partitioning at 
different phases of growth of the selected species. It is hypothesized that being 
unrestricted by cell volume, extracellular glycerol functions as a more 
effective carbon sink compared to intracellular glycerol, starch and biomass.  
As the genetics of Dunaliella is not well understood, one of the aims of this 
study is also to clone cDNA sequences of regulatory enzymes of glycerol 
synthesis in the selected Dunaliella species. Analysis of carbon partitioning 
and the expression profiles of these genes during hyperosmotic stress 
treatments will also be studied to understand the physiology of glycerol 
synthesis of the selected species. Glycerol production of the selected species at 
different physiological conditions (N-limited and light- limited) will be further 
investigated using a chemostat culture system to gain a better understanding of 
glycerol synthesis. The findings from this part of the study would be important 
in devising strategies to maximize carbon dioxide sequestration and 
consequently, glycerol production. Lastly, the carbon dioxide sequestration 
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and glycerol production capacity of the selected Dunaliella species will be 
improved through genetic engineering. It is hypothesized that the over-
expression of the key rate- limiting enzyme, sedoheptulose-1,7-bisphosphatase 
in the Calvin cycle will increase carbon dioxide fixation and consequently, 
glycerol production. The findings from this project will provide valuable 
insights into the use of Dunaliella in biological carbon dioxide sequestration 
and contribute to overcoming the limitations associated with large scale 

























Chapter 2 Characterization of growth and 
glycerol production in three species of Dunaliella 
2.1  Introduction 
The ability of Dunaliella to survive at high salinities is dependent on the 
accumulation of intracellular glycerol (Ben-Amotz and Avron, 1981, 
Borowitzka and Borowitzka, 1988, Ben-Amotz and Avron, 1990). To 
maintain high glycerol concentration gradients (>104) between the intracellular 
space and the extracellular environment for osmotic balance, the Dunaliella 
plasma membrane has been described as relatively impermeable to glycerol  
(Wegmann et al., 1980). An NMR spectroscopy study which compared the 
glycerol permeability of the cell membrane of D. salina with pig erythrocyte 
and artificial phospholipid vesicles concluded that the Dunaliella membrane 
demonstrated an extraordinarily low permeability to glycerol (Brown et al., 
1982). In other studies, glycerol leakage from Dunaliella cells was detected 
only when cells were transferred to low salinities below 0.6  M NaCl (Ben-
Amotz and Avron, 1973). However, glycerol efflux rate measurements of D. 
parva revealed that up to 25% of the total glycerol of the algal culture was 
released to the external medium after one day at normal growing conditions 
even when cells were grown at high salinities of 1.5 and 3 M NaCl (Enhuber 
and Gimmler, 1980). The observation that the Dunaliella membrane is not 
exceptionally impermeable to glycerol is supported by other investigations in 
D. tertiolecta which report that glycerol is the major excretory product even 
under normal growing conditions, with extracellular glycerol comprising 
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almost 50% of extracellular material (Jones and Galloway, 1979, Huntsman, 
1972) . 
In these investigations, extracellular glycerol production in Dunaliella has 
been shown to be stimulated by external salt concentrations (Enhuber and 
Gimmler, 1980, Jones and Galloway, 1979).  Rate of glycerol efflux to the 
external medium increased when D. parva was grown in medium containing 3 
M NaCl as compared to 0.75 M NaCl (Enhuber and Gimmler, 1980). 
Similarly, when D. tertiolecta was grown in medium containing 0.25 M NaCl, 
0.5 M NaCl and 1 M NaCl, there was a positive relationship between 
extracellular glycerol production with salinity with the ratio of extracellular 
glycerol to intracellular glycerol ranging from 10% to 30% of total glycerol 
produced (Jones and Galloway, 1979). It has been proposed that Dunaliella 
adopts the strategy of “glycerol efflux tolerance” in which the cells are able to 
compensate for the loss of glycerol to the external environment by continuous 
synthesis of new glycerol (Enhuber and Gimmler, 1980). 
The production of significant amounts of extracellular glycerol by Dunaliella 
signals the presence of a possible carbon sink which is not limited by cellular 
volume. Moreover, the release of glycerol by the cells may facilitate the 
development of a viable bioprocess system for industrial production of 
glycerol by Dunaliella. However, few studies have evaluated the potential of 
Dunaliella for biological fixation of carbon dioxide into extracellular glycerol. 
Thus, the objective of this study is to characterize the growth and glycerol 
production of three biotechnologically important Dunaliella species with 
different morphologies, D. bardawil, D. primolecta and D. tertiolecta grown 
 24 
 
at various salinities. A Dunaliella species as a candidate for carbon dioxide 
fixation will be selected based on the findings of this study. 
2.2  Materials and Methods 
2.2.1 Dunaliella cultures 
D. tertiolecta (UTEX LB 999) and D. primolecta (UTEX LB 1000) were 
obtained from the Culture Collection of Algae at the University of Texas at 
Austin. D. bardawil (ATCC 30861) was obtained from the American Type 
Culture Collection. The microalgae were maintained in Erlenmeyer flasks at 
25°C in ATCC 1174DA medium with a photoperiod of 14 h light and 10 h 
dark. Constant agitation of 100 rpm was provided by an orbital shaker. Light 
was provided by cool white fluorescent lights at an intensity of 20 µmol 
photons m-2 s-1. Cell concentration was determined by fixing cells with 2% 
formaldehyde and counting under a light microscope using a hemocytometer 
(Improved  Neubauer). 
The effect of salinity on growth and glycerol production was investigated by 
growing batch cultures of Dunaliella in ATCC1174DA culture medium 
containing 0.5 M NaCl, 1.0 M NaCl, 2.0 M NaCl, 3.0 M NaCl and 4.0 M 
NaCl. Cultures were grown for at least one generation in the respective NaCl 
concentrations before the start of the experiment. Three experimental repeats 
were performed for each experiment.   
At the start of the experiment, one week-old cultures adapted to the respective 
NaCl concentrations were inoculated in a 10% v/v ratio in Erlenmeyer flasks 
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containing 50 ml of fresh medium. Cells were counted once a day and the 






; 𝑡2 > 𝑡1 
where  x1 and x2 = cell concentrations at time t1 and t2 respectively.   
Glycerol contents were measured at the early stationary phase when the 
maximum cell density was reached (D. bardawil, Day 9 for cultures grown at 
0.5 M, 1.0 M and 2.0 M NaCl, Day 13 for cultures grown at 3.0 M and 4.0 M 
NaCl; D. primolecta, Day 9 for cultures grown at 0.5 M, 1.0 M, 2.0 M and 3.0 
M NaCl, Day 11 for cultures grown at 4.0 M NaCl; D. tertiolecta, Day 9 for 
cultures grown at 0.5 M, 1.0 M, 2.0 M and 3.0 M NaCl, Day 10 for cultures 
grown at 4.0 M NaCl).  
2.2.2 Glycerol measurement 
Glycerol content was measured using the Free Glycerol Determination kit 
(FG0100, Sigma-Aldrich, St Louis, MO). Previously, it was observed that 
most of the Dunaliella cells in the culture were pelleted by centrifuging the 
cultures at 10 000 g for 10-20 min with negligible cell loss. Centrifugation for 
20 min resulted in a tighter and more compact cell pellet. Hence, cells were 
collected for glycerol measurement by centrifugation at 10 000 g for 20 min at 
4°C. The supernatant was retained for extracellular glycerol measurement 
according to the manufacturer’s protocol. The cell pellet was washed once 
with isotonic culture medium. Water was added to the cell pellet and cells 
were placed in a boiling water bath for 10 min to release intracellular glycerol. 
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Cell debris was removed by centrifugation at 10 000 g for 10 min and 
supernatant was assayed for intracellular glycerol. In addition to the 
manufacturer’s instructions, the reagent and sample volumes were scaled 
down five times. The assays were performed in 96-well microtiter plates and 
absorbance of the reaction mixtures was determined using a microplate reader 
(Infinite M200 Pro, Tecan, Männedorf, Switzerland).  
2.2.3 Cell volume measurement and osmotic pressure estimation 
Volume of Dunaliella cells was estimated assuming a prolate spheroid 
geometric model (Hillebrand et al., 1999, Sun and Liu, 2003, García and 
Robledo, 2007, Baird and DeLorenzo, 2010) with the following equation   




Cell images were acquired at 400x magnification on an Olympus CX31 
microscope outfitted with a digital camera (Model number E330, Olympus, 
Shinjuku, Tokyo, Japan). Cell measurements were made using the ImageJ 
software (Schneider et al., 2012). Approximately 30 cells were measured for 
each Dunaliella species grown at each salinity and the cell volume was 
reported as the mean of these measurements.  
Intracellular osmotic pressure was estimated using the van’t Hoff equation 
with the assumption that glycerol is distributed homogenously in the cytosol 




taken as 25°C (298 K) which was the temperature at which the cultures were 
grown. 
Van’t Hoff equation 
𝛱 = 𝑛.𝑀. 𝑅. 𝑇  
where Π=osmotic pressure (kPa), n=no. of dissociated particles, M=molarity 
of solute, R=ideal gas constant 8.314 J K-1 mol-1,  T=temperature in Kelvin 
2.2.4 Statistical analysis 
 
Cell volume data was analyzed by One-way Analysis of Variance (ANOVA) 
(Dunnett’s T test) using SPSS Version 20 (SPSS Inc., Chicago, IL). 
Significance was determined at a 95% confidence limit. 
2.3 Results 
2.3.1 Growth kinetics of D. bardawil, D. primolecta and D. tertiolecta 
D. bardawil is a Dunaliella species with large ovoid cells of approximately 10 
µm in diameter (Fig. 2.1) while cells of D. primolecta and D. tertiolecta are 
smaller and ellipsoid shaped with a major axis of 10 µm and minor axis of 5 
µm (Fig. 2.2  and Fig. 2.3). D. bardawil grew optimally at 0.5 M and 1.0 M 
NaCl while the optimum salinities for growth of D. primolecta and D. 
tertiolecta were from 0.5 M to 2.0 M NaCl (Fig. 2.4). There was a decrease in 
the specific growth rate of D. bardawil at higher salinities of 2.0 M, 3.0 M and 
4.0 M NaCl. Specific growth rates of D. bardawil in media containing 3.0 M 
and 4.0 M NaCl were approximately half that of specific growth rates in 
medium containing 0.5 M NaCl. In contrast, there was only a 30% decrease in 
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the specific growth rates of D. primolecta and D. tertiolecta at 3.0 M and 4.0 







































Fig. 2.1 D. bardawil cultured at different NaCl concentrations at 400x 
magnification. Scale bars represent 20 µm.  (A) 0.5 M NaCl (B) 1.0 M NaCl 























Fig. 2.2 D. primolecta cultured at different NaCl concentrations at 400x 
magnification. Scale bars represent 20 µm.  (A) 0.5 M NaCl (B) 1.0 M NaCl 























Fig. 2.3 D. tertiolecta cultured at different NaCl concentrations at 400x 
magnification. Scale bars represent 20 µm. (A) 0.5 M NaCl (B) 1.0 M NaCl 














































































































Fig. 2.4 Growth of D. bardawil, D. primolecta and D. tertiolecta in culture 
media containing 0.5 M, 1.0 M, 2.0 M, 3.0 M and 4.0 M NaCl. (A) D. 









Table 2.1 Growth rates of D. bardawil, D. primolecta and D. tertiolecta at 
various salinities. Data is represented as means±SD. 
 
2.3.2 Glycerol production of D. bardawil,  D. primolecta and D. 
tertiolecta 
In D. bardawil and D. primolecta, extracellular, intracellular and total glycerol 
concentrations (mg cell-1) increased proportionally with NaCl concentration 
until 3.0 M NaCl. In these cultures, there was a small decrease in glycerol 
concentrations at 4.0 M NaCl (Fig. 2.5A and 2.5B). There was a strong 
positive linear relationship between NaCl and glycerol concentrations of D. 
tertiolecta at all salinities investigated (Fig. 2.5C). In all the species, 
extracellular glycerol accounted for approximately 50% of total glycerol 
produced at all salinities. Extracellular and intracellu lar glycerol 
concentrations (mg cell-1) of D. bardawil were 5-10 times higher than that of 
D. tertiolecta and D. primolecta at every salinity (Fig. 2.5). 
Species  NaCl concentration (M) Specific growth rate (d-1) 
D. bardawil 0.5 0.428±0.008 
 1.0 0.407±0.035 
 2.0 0.262±0.045 
 3.0 0.193±0.016 
 4.0 0.213±0.024 
   
D. primolecta 0.5 0.470±0.027 
 1.0 0.511±0.031 
 2.0 0.581±0.027 
 3.0 0.406±0.030 
 4.0 0.350±0.022 
   
D. tertiolecta 0.5 0.494±0.016 
 1.0 0.439±0.054 
 2.0 0.491±0.052 
 3.0 0.352±0.029 
 4.0 0.298±0.020  
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There was a 50% decrease in cell volume of D. bardawil from 1220 µm3 when 
cultured at 0.5 M NaCl to 521 µm3 at 2.0 M NaCl. Thereafter, cell volume of 
D. bardawil cultured at 3.0 M and 4.0 M NaCl remained relatively constant. In 
comparison, there was a significant but small increase of cell volume of D. 
primolecta at 2.0 M to 4.0 M NaCl. Cell volume of D. tertiolecta remained 
relatively constant throughout the salinities with a slight increase at 4.0 M 
NaCl (Fig. 2.6). 
Estimated intracellular osmotic pressure attributed to glycerol of D. bardawil 
cells grown at 0.5 M to 3.0 M NaCl corresponded closely with the theoretical 
osmotic pressure required for osmotic balance. Intracellular osmotic pressure 
of D. bardawil cells was lower than external osmotic pressure at 4.0 M NaCl. 
Intracellular osmotic pressures of D. primolecta and D. tertiolecta were lower 
than the estimated osmotic pressure required for osmotic balance at every 
salinity. The relationship between intracellular osmotic pressure and external 
osmotic pressure of NaCl was relatively linear until 4.0 M NaCl where there 














































































































Fig. 2.5 Glycerol concentrations (mg cell-1) of D. bardawil, D. primolecta 
and D. tertiolecta cultured at different salinities at early stationary phase. (A). 






















































































































Fig. 2.6 Cell volume of D. bardawil, D. primolecta and D. tertiolecta cultured 
at different salinities at early stationary phase. Data is represented as 
means±SD. The data was analyzed by one-way ANOVA (Dunnett’s T test) 




Fig. 2.7 Intracellular osmotic pressure of D. bardawil, D. primolecta and D. 
tertiolecta cultured at different salinities at early stationary phase. Data is 






Extracellular and total glycerol concentrations of the D. bardawil culture 
increased linearly with salinity. Intracellular glycerol concentrations of D. 
bardawil increased linearly with salinity from 0.5 M to 2.0 M NaCl and were 
relatively constant from 2.0 M NaCl to 4.0 M NaCl (0.073 mg ml-1, 0.088 mg 
ml-1 and 0.091 mg ml-1 at 2.0 M, 3.0 M and 4.0 M NaCl respectively) (Fig. 
2.8A). Intracellular glycerol concentration (mg ml-1) of D. primolecta 
increased linearly with salinity. Extracellular glycerol concentration (mg ml-1) 
of D. primolecta reached a maximum at 3.0 M NaCl before decreasing at 4.0 
M NaCl, resulting in a similar maximum amount of total glycerol produced 
(mg ml-1) when the culture was grown at 2.0 M to 4.0 M NaCl (0.21 mg ml-1, 
0.24 mg ml-1 and 0.22 mg ml-1 at 2.0 M, 3.0 M and 4.0 M NaCl respectively) 
(Fig. 2.8B). Intracellular, extracellular and total glycerol concentrations of the 
D. tertiolecta cultures (mg ml-1) increased linearly with salinity (Fig. 2.8A and 
2.8C). Intracellular glycerol concentrations (mg ml-1) of D. bardawil cultured 
in media containing 0.5 M and 1.0 M NaCl were similar to that of D. 
primolecta and D. tertiolecta at the same salinities (approximately 0.02 mg ml-
1 at 0.5 M NaCl; approximately 0.05 mg ml-1 at 1.0 M NaCl). However, at 
higher salinities, intracellular glycerol concentrations of D. bardawil were 20-
40% lower than that of D. primolecta and D. tertiolecta (approximately 0.07 
mg ml-1 and 0.09 mg ml-1 for D. bardawil and both D. primolecta and D. 
tertiolecta respectively at 2.0 M NaCl; approximately 0.09 mg ml-1 and 0.11 
mg ml-1 for D. bardawil and both D. primolecta and D. tertiolecta respectively 
at 3.0 M NaCl; approximately 0.09 mg ml-1 and 0.15 mg ml-1 for D. bardawil 
and both D. primolecta and D. tertiolecta respectively at 4.0 M NaCl). 
Extracellular glycerol concentrations (mg ml-1) of D. bardawil were lower 
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than that of D. primolecta and D. tertiolecta at most of the NaCl 
concentrations investigated except 4 M NaCl. Except for D. primolecta grown 
in medium containing 4.0 M NaCl and D. tertiolecta grown in medium 
containing 1.0 M NaCl, total glycerol concentrations (mg ml-1) of D. 
tertiolecta and D. primolecta were 20-50% higher than that of D. bardawil at 
every salinity. Maximum total glycerol concentration of the D. bardawil and 
D. tertiolecta culture was reached at 4.0 M NaCl (0.26 mg ml-1 and 0.30 mg 
ml-1). For D. primolecta, maximum total glycerol concentration was reached at 









































































































Fig. 2.8 Glycerol concentrations (mg ml-1) of D. bardawil, D. primolecta and 
D. tertiolecta cultured at different salinities at early stationary phase. (A) D. 
bardawil. (B) D. primolecta. (C) D. tertiolecta. Data is represented as 








2.4  Discussion 
2.4.1 Biotechnological applications of D. bardawil,  D. primolecta and D. 
tertiolecta 
The Dunaliella species were chosen for characterization in this study as they 
have other potential biotechnological applications in addition to being 
candidates for carbon dioxide sequestration. As mentioned in Chapter 1, D. 
bardawil is a carotogenic species of Dunaliella which accumulates large 
amounts of the carotenoid β-carotene. It is cultivated commercially as a 
natural source of β-carotene (Ben-Amotz and Avron, 1990).  
D. primolecta may potentially be used for the detection of herbicides in 
marine environments as a result of its susceptibility to several herbicides  
(Santín-Montanyá et al., 2007). Furthermore, antibiotic activity has been 
detected in the crude extracts of D. primolecta, making it a potential source of 
antibiotics (Chang et al., 1993). 
D. tertiolecta is an industrially important Dunaliella species which has been 
evaluated for use in carbon dioxide fixation through the production of 
microalgal biomass (Sydney et al., 2010). In addition, there is the potential for 
the use of D. tertiolecta in large-scale outdoor cultivation for biodiesel 
production as it is highly salt tolerant with a high oil yield of 36-42% (Chen et 
al., 2011).  
2.4.2 Characterization of D. bardawil, D. primolecta and D. tertiolecta 
Although D. bardawil has been reported to be a hyperhaline species of 
Dunaliella which grows optimally at higher salinities of 2.0 M and 5.0 M 
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NaCl (Ben-Amotz et al., 2009), it grew optimally at lower NaCl 
concentrations of 0.5 M and 1.0 M with a large decrease in growth rate at 2.0 
M, 3.0 M and 4.0 M NaCl at the culture conditions used in this study. D. 
primolecta and D. tertiolecta are oligo-euryhaline species which can tolerate a 
wide range of salinities. In this study, they grew optimally from 0.5 M to 2.0 
M NaCl with only a slight reduction in growth rates at 3.0 M and 4.0 M NaCl 
(Fig. 2.4, Table 2.1).  
To survive at high salinities, the intracellular glycerol concentration of 
Dunaliella has been reported to be proportional to external osmotic pressure 
(Ben-Amotz & Avron, 1981, Borowitzka & Borowitzka, 1988, Ben-Amotz & 
Avron, 1990). It has been reported that the glycerol is the main osmotic solute 
and accounts for most of the osmotic pressure required for osmotic balance 
(Ben-Amotz and Avron, 1990). The cells of D. bardawil are larger than that of 
D. primolecta and D. tertiolecta. Consequently, a higher intracellular glycerol 
concentration (mg cell-1) is required by D. bardawil to maintain osmotic 
equilibrium than D. primolecta and D. tertiolecta at every salinity. D. 
bardawil also produced more extracellular glycerol per cell than D. primolecta 
and D. tertiolecta. (Fig. 2.5). Similar to existing reports on the production of 
glycerol in Dunaliella, intracellular glycerol concentration (mg cell-1) of D. 
tertiolecta was proportional to all salinities investigated in this study. This is 
consistent with the finding that Dunaliella accumulates glycerol for osmotic 
balance. Intracellular glycerol concentration (mg cell-1) of D. bardawil and D. 
primolecta was also proportional to salinity when cells were grown at 0.5  M 
NaCl to 3.0 M NaCl with a decrease in intracellular glycerol concentration at 
4.0 M NaCl (Fig. 2.5). There was also a decrease in the volume of D. bardawil 
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cells as the culture was grown at increasing salinities (Fig. 2.6). This suggests 
that reduction of cell volume may be another mechanism for some Dunaliella 
species to increase intracellular osmotic pressure in addition to increased 
synthesis of glycerol during long term adaptation to increases in salinity 
especially at high salinities where the cells may not be able to increase 
glycerol production further. The small increase in cell volume of D. 
primolecta and D. tertiolecta at high salinities has also been observed in D. 
viridis (Jiménez and Niell, 1991a).  
The lower intracellular osmotic pressure accounted for by glycerol as 
compared to the estimated osmotic pressure of intracellular glycerol required 
for osmotic balance at each salinity for D. primolecta and D. tertiolecta cells 
suggests that glycerol may not be the only solute for osmotic balance in these 
Dunaliella species. The deviation from the positive linear trend of intracellular 
osmotic pressure and external osmotic pressure of NaCl at 4.0 M NaCl for all 
the Dunaliella species investigated in this study also suggests the presence of 
alternate osmoregulatory mechanisms that function to maintain osmotic 
balance at high salinities (Fig. 2.7). This is in accordance with previous studies 
which postulate that rapid cation exchange systems may operate as part of the 
osmoregulatory system of Dunaliella in addition to glycerol accumulation 
(Gimmler et al., 1977, Latorella and Vadas, 1973). An accumulation of free 
amino acids which may function as osmolytes was also observed when D. 
viridis cells were grown at increasing salinities (Jiménez and Niell, 1991b).    
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2.4.3 Extracellular glycerol production in Dunaliella 
Contrary to the findings of previous investigations that glycerol leakage from 
Dunaliella cells is minimal or that Dunaliella cells release glycerol to the 
external environment only at low salinities below 0.6 M NaCl (Ben-Amotz 
and Avron, 1973), D. bardawil, D. tertiolecta and D. primolecta produced 
substantial amounts of extracellular glycerol at all salinities under normal 
growing conditions (Fig. 2.5). The findings from this study affirm the 
observations that the Dunaliella membrane may not be exceptionally 
impervious to glycerol as previously thought and that glycerol efflux is a 
common phenomenon (Jones and Galloway, 1979, Huntsman, 1972, Enhuber 
and Gimmler, 1980). A possible explanation for the differences observed in 
Ben-Amotz & Avron, 1973 and the other studies is that extracellular glycerol 
measurements were taken within 90 minutes after D. parva was transferred 
from media of one osmolarity to another (Ben-Amotz and Avron, 1973) as 
compared to the other investigations (Jones and Galloway, 1979, Huntsman, 
1972, Enhuber and Gimmler, 1980) in which extracellular glycerol was 
assayed in Dunaliella cultures adapted to a constant osmolarity. In the long 
term, the adaptation of Dunaliella cells to a constant osmolarity would be 
complete and excess glycerol produced would be released into the medium 
(Jones and Galloway, 1979). 
The linear proportional relationship between extracellular glycerol 
concentration (mg cell-1) and external salinity supports the hypothesis that 
glycerol diffuses from Dunaliella cells corresponding to the intracellular 
osmotic pressure (Fig. 2.5) (Enhuber and Gimmler, 1980). In response to 
increases in salinity, increasing amounts of glycerol is synthesized by the cells. 
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As more glycerol than required is synthesized to compensate for the leakage at 
each salinity, the increasing intracellular osmotic pressure with increasing 
NaCl concentrations results in increasing diffusion of the excess glycerol out 
of the cells. The linear proportional relationship between intracellular glycerol 
concentration (mg cell-1) and salinity indicate that the cells are able to 
compensate for the glycerol leakage without having to reduce intracellular 
glycerol concentration (Fig. 2.5). This strategy of glycerol efflux tolerance in 
osmoregulation has also been observed in the yeasts Saccharomyces 
cerevisiae (Brown, 1978) and Debaryomyces hansenii (Adler et al., 1978). 
The leakage of glycerol by Dunaliella is an energetically wasteful process in 
which cells bear a metabolic cost when compensating for the leakage. Hence, 
several explanations regarding its physiological significance have been 
proposed. The release of organic compounds may be important for 
encouraging the growth of heterotrophic organisms which fertilize the 
environment with inorganic nutrients required for the maintenance of 
ecosystems (Meffert and Overbeck, 1979, Cole et al., 1982, Jones and Cannon, 
1986). It has been reported that the organic matter from Dunaliella 
populations is a major source of nourishment for halobacteria in the Dead Sea 
(Nissenbaum, 1975, Oren and Shilo, 1985). The production of extracellular 
glycerol may also be required for the survival of Dunaliella. Firstly, the 
presence of glycerol in the external environment may protect the cells from 
structural changes during dry out (Wegmann, 1971). Also, the extracellular 
glycerol may act as a carbon sink to maintain the photosynthetic activity of the 
culture in the stationary and death phases so that cells can undergo exponential 
growth rapidly when nutrients are available (Chow et al., 2013). Our previous 
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investigation has reported the occurrence of glycerol uptake by D. tertiolecta 
cells exposed to a sudden increase in salinity. Hence, the production of 
extracellular glycerol may be an adaptation strategy of Dunaliella for survival 
during a hyperosmotic shock (Lin et al., 2013). 
2.4.4 Selection of D.  tertiolecta for further investigation 
An ideal Dunaliella species for glycerol production for carbon dioxide 
sequestration would be a fast-growing species which is easy to cultivate, 
grows well at most salinities to allow for versatility of future cultivation 
strategies and produce large amounts of glycerol. A species with these 
characteristics is likely to have a high rate of carbon dioxide fixation (Tafreshi 
and Shariati, 2009). Although D. bardawil produced more glycerol per cell 
than D. primolecta and D. tertiolecta at every NaCl concentration due to its 
larger cell volume, the higher cell densities attained by the D. primolecta and 
D. tertiolecta cultures resulted in higher glycerol production per ml culture at 
most salinities (Fig. 2.4 and Fig. 2.8). Furthermore, it was informally observed 
that as compared to D. primolecta and D. tertiolecta, D. bardawil cells were 
fragile and burst easily. In addition, D. bardawil did not grow well at 3.0 M 
and 4.0 M NaCl and multiple attempts were required before healthy cultures 
were obtained. Consequently, there was a drastic decrease in specific growth 
rate of D. bardawil at these salinities as compared to only a slight decrease in 
specific growth rate of D. primolecta and D. tertiolecta at the same salinities. 
D. bardawil also exhibited lower glycerol production per ml culture at almost 
all salinities in comparison to D. primolecta and D. tertiolecta (Fig. 2.8). 
Hence, it is a less suitable candidate for glycerol production and carbon 
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dioxide sequestration as compared to D. primolecta and D. tertiolecta in the 
conditions used in this study. 
Glycerol production of D. primolecta and D. tertiolecta were similar. 
However, intracellular and extracellular glycerol production (mg cell-1) of D. 
primolecta reached a maximum at 3.0 M NaCl before decreasing at 4.0 M 
NaCl with extracellular glycerol production (mg ml-1) remaining constant at 
3.0 M and 4.0 M NaCl. In contrast, extracellular glycerol concentrations (mg 
cell-1 and mg ml-1) of D. tertiolecta continued to increase linearly when the 
culture was grown in 3.0 M NaCl and 4.0 M NaCl (Fig. 2.5 and Fig. 2.8). This 
indicates that D. tertiolecta may have a greater potential than D. primolecta 
for glycerol production and carbon dioxide sequestration especially at high 
salinities. In addition, it has been reported that D. tertiolecta can tolerate high 
carbon dioxide concentrations up to 15% as well as remove nitric oxide from 
flue gas (Nagase et al., 1998). Hence, D. tertiolecta was selected for further 
investigation into its carbon dioxide sequestration abilities. This selection is in 
agreement with previous investigations which propose that D. tertiolecta may 
be a good candidate for carbon dioxide mitigation (Kishimoto et al., 1994, 
Sydney et al., 2010, Farrelly et al., 2014).  
2.5  Conclusion 
This study has demonstrated that intracellular glycerol functions as an osmotic 
solute in the maintenance of osmotic balance in Dunaliella. Additionally, there 
may be alternative mechanisms in addition to intracellular glycerol 
accumulation to maintaining osmotic balance in Dunaliella which have not 
been highlighted in previous investigations. The findings from this 
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investigation also show that glycerol leakage from Dunaliella may be a 
common phenomenon. The production of extracellular glycerol makes 
Dunaliella an attractive candidate for carbon dioxide sequestration as the 
extracellular glycerol may function as an external carbon sink which is not 
limited by cell volume. D. tertiolecta was selected as the most suitable 
candidate for glycerol production and carbon dioxide sequestration based on 
its ease of cultivation, high growth rate and high glycerol production at 
various salinities. The findings provide preliminary information for the 
development of a more viable process for photosynthetic production of 
extracellular glycerol from Dunaliella which does not require the harvesting or 












Chapter 3 Production of glycerol from carbon 
dioxide by D. tertiolecta 
3.1  Introduction  
In addition to being a potential carbon sink for carbon dioxide sequestration, 
glycerol is a bulk chemical with several applications in the chemical industry. 
With the current interest in a cleaner and more stable source of glycerol, the 
production of extracellular glycerol by D. tertiolecta has important 
implications for bioprocess design in the photosynthetic production of glycerol. 
This is because the harvest of extracellular glycerol from the external medium 
will circumvent the need for energy intensive cell disruption and the extraction 
of intracellular products, reducing energy requirements for photosynthetic 
production of glycerol and downstream separation costs. Furthermore, 
extracellular glycerol may serve as a novel carbon sink for carbon dioxide 
sequestration. Hence, the aim in this first part of the study is to evaluate the 
potential of D. tertiolecta as a Dunaliella candidate for biological carbon 
dioxide sequestration via glycerol biosynthesis by investigating the kinetics of 
glycerol production and characterizing carbon partitioning of a D. tertiolecta 
culture at different phases of growth.  
To maximise carbon dioxide fixation and glycerol production in D. tertiolecta, 
it is important to understand the physiology of glycerol synthesis. However, 
the majority of investigations into the physiology of glycerol synthesis in 
Dunaliella have been focussed on hyperhaline species such as D. parva and D. 
salina, in particular D. salina, which is the model organism for the study of 
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osmoregulation in hypersaline environments (Ben-Amotz and Avron, 1973, 
Gimmler and Moller, 1981, Chitlaru and Pick, 1991, Ben-Amotz et al., 2009). 
Comparatively fewer studies have been performed on the physiology of 
glycerol synthesis in D. tertiolecta which is an oligo-euryhaline Dunaliella 
species that can tolerate a wide range of salinities. Thus, the second part of the 
study focuses on the detailed understanding of glycerol partitioning and 
investigating the expression of regulatory enzymes phosphofructokinase 
(PFK), glycerol-3-phosphate dehydrogenase (GPDH) and glucose-6-phosphate 
dehydrogenase (G6PDH) involved in glycerol synthesis. As there is a lack of 
sequence information regarding endogenous PFK, GPDH and G6PDH  in D. 
tertiolecta, one of the aims of this part of the study is also to clone the cDNA 
sequences of these enzymes.  
Glycerol synthesis in Dunaliella occurs in response to hyperosmotic stress. 
The osmotic response involves three stages according to the time of osmotic 
adjustment. The first stage occurs within seconds to five minutes of a sudden 
hyperosmotic shock. These rapid responses involve a decrease in cell volume 
due to a net loss of water and ion exchange (Chen and Jiang, 2009).  
The second stage constitutes the short-term response of Dunaliella to 
hyperosmotic stress. In this stage, the osmotic pressure inside and outside of 
the Dunaliella cells are balanced by regulating the intracellular concentration 
of glycerol. Glycerol synthesis begins and the process is completed within a 
few hours after the osmotic stress coupled with the resumption of original cell 
volume at the end (Chen and Jiang, 2009). 
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Lastly, the long term response to hyperosmotic stress begins 12-24 h after the 
hyperosmotic shock and involves the expression of osmotic stress- induced 
genes in addition to the accumulation of salt-induced proteins such as enzymes 
involved in osmotic adjustment (Chen and Jiang, 2009).   
The carbon required for glycerol synthesis in Dunaliella derives from 
photosynthetic fixation of carbon dioxide or by the conversion of intracellular 
starch to glucose which is then degraded (Goyal, 2007). It has been shown that 
there is an inverse relationship between glycerol and starch content of D. 
parva cells grown at increasing salinities, suggesting that glycerol synthesis 
occurs at the expense of starch formation (Gimmler and Moller, 1981). In 
addition, a 2- fold increase in photosynthetic activity with an up-regulation of 
several enzymes involved in glycerol synthesis and carbon mobilization when 
D. salina cells were grown at 3 M NaCl as compared to 0.5 M NaCl was 
observed in a previous study (Liska et al., 2004). This indicates that glycerol 
production in response to high salinities may occur as a result of an increase in 
carbon fixation from photosynthesis as well as a diversion of fixed carbon to 
glycerol.   
Glycerol synthesis in Dunaliella begins in the chloroplast. Three metabolic 
pathways: glycolysis, glycerol synthesis cycle and the pentose phosphate 
pathway are involved in carbon mobilization during glycerol synthesis in 
Dunaliella with the majority of the intermediates required for glycerol 
synthesis generated by glycolysis (Eqn 1). Dihydroxyacetone phosphate 
(DHAP) is the precursor for glycerol synthesis (Gimmler and Moller, 1981). It 
is produced during glycolysis which occurs in the chloroplast. DHAP is 
converted to glycerol-3-phosphate by glycerol-3-phosphate dehydrogenase 
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(GPDH). Subsequently, glycerol-3-phosphate is transported from the 
chloroplast to the cytoplasm where it is dephosphorylated by glycerol-3-
phosphatase to produce glycerol (Fig. 3.1). Glycerol may also be generated by 
the pentose phosphate pathway from glyceraldehyde phosphate at half the 
efficiency of the glycolytic pathway (Eqn 2) (Chitlaru and Pick, 1991), 
resulting in an overall higher glycerol production (Eqn 3). The pentose 
phosphate pathway is also essential for generation of pentoses and reducing 
equivalents in the form of NADPH which is used in reductive synthetic 













Fig. 3.1 Glycerol metabolism pathways in Dunaliella and their localizations. 
(Modified from Chitlaru & Pick, 1991). Regulatory enzymes PFK, GPDH and 




Glycerol production by the various metabolic pathways (adapted from 
Chitlaru & Pick, 1991) 
Glycolysis: 
5[glucose] + 10 NADH  + 5 ATP  10 glycerol + 10 NADH+ + 5 ADP + 5Pi 
(1) 
Pentose phosphate pathway: 
2[glucose] + 10 NAD(P)+  2 glycerol + 6 CO2 + 10 NAD(P)H     (2) 
Overall: 
7[glucose] + 5 ATP  12 glycerol + 6 CO2 + 5 ADP + 5 Pi      (3)         
To modulate the flow of fixed carbon towards glycerol synthesis, these cycles 
are regulated by key enzymes (Gimmler and Moller, 1981, Chen and Jiang, 
2009). Phosphofructokinase (PFK) catalyzes the reaction from glucose to 
fructose-1,6-diphosphate and has been reported to be the checkpoint enzyme 
in glycolysis (Chitlaru and Pick, 1991). A decrease in the concentration of 
fructose 6-phosphate with a corresponding increase in fructose-1,6-
bisphosphate when D. salina was subjected to hyperosmotic shocks suggests 
that PFK in Dunaliella is activated for glycerol synthesis from glucose derived 
from starch degradation (Chitlaru and Pick, 1991). Hence, activation of PFK 
could enhance the carbon flux from glucose to fructose-1, 6-diphosphate 
which is subsequently converted to DHAP when glycolysis is complete.  
GPDH catalyzes the first step of the glycerol synthesis cycle through the 
reversible interconversion of DHAP to glycerol-3-phosphate which is the 
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committed step in glycerol synthesis (Alkayal et al., 2010). Hence, it may be 
the regulatory enzyme in glycerol production (Chen and Jiang, 2009). Two 
chloroplastic isoforms and one cytosolic isoform of nicotinamide adenine 
dinucleotide (NAD+) dependent GPDH from D. tertiolecta were previously 
purified and characterized (Ghoshal et al., 2002). The major chloroplastic 
osmoregulatory isoforms are responsible for biosynthesis of glycerol for 
osmoregulation while the other minor cytosolic isoforms is involved in cell 
growth and glyceride synthesis (Ghoshal et al., 2002). The chloroplastic 
osmoregulatory GPDH isoform in Dunaliella consists of a GPDH domain and 
a phosphoserine phosphatase domain (He et al., 2009). It has been suggested 
that the phosphoserine phosphatase domain functions as a glycerol-3-
phosphatase to enable the conversion of DHAP to glycerol in a single step, 
thus allowing for fast glycerol synthesis during an increase in external salt 
concentrations (He et al., 2007). 
Subsequent studies have cloned and characterized the expression of several 
cDNAs coding for osmoregulatory chloroplastic isoforms of GPDH in D. 
salina and D. viridis during hyperosmotic stress (He et al., 2007, He et al., 
2009, Chen et al., 2011). The expression of the GPDH isoforms were 
enhanced within a few hours after the sudden increase in salt concentration, 
indicating that this enzyme may be crucial for glycerol synthesis during 
hyperosmotic stress.  
Glucose-6-phosphate dehydrogenase (G6PDH) catalyzes the conversion of 
glucose-6-phosphate to 6-phosphoglucono-1,5-lactone in the first step of the 
pentose phosphate pathway. An osmotically defective mutant of D. salina 
generated by UV mutagenesis which had reduced activity of G6PDH required 
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a prolonged period of time to adapt to hyperosmotic shocks (Chitlaru and Pick, 
1991). In a homology-based proteomic analysis of D. salina cells grown at 
low salinity (0.5 M NaCl) and high salinity (3 M NaCl), it was found that 
glucose-6-phosphate dehydrogenase was induced at 3 M NaCl (Liska et al., 
2004). Hence, it has been proposed that G6PDH is one of the rate- limiting 
enzymes of the pentose phosphate pathway and is essential for glycerol 
synthesis at high salinities (Chitlaru and Pick, 1991, Liska et al., 2004).  
The kinetics of glycerol production and carbon partitioning of a D. tertiolecta 
culture over time would aid in the development of a bioprocess for 
photosynthetic production of glycerol from Dunaliella. In addition, the 
understanding of glycerol synthesis by carbon partitioning would be important 
for devising strategies to maximise carbon dioxide fixation and glycerol 
production in D. tertiolecta.   
3.2  Materials and Methods 
3.2.1 Dunaliella tertiolecta culture for glycerol and growth kinetics 
investigation at different growth phases 
Culturing D. tertiolecta at 2.0 M NaCl resulted in a good balance between 
glycerol production and growth as observed in Chapter 2. Hence, for the 
investigation of glycerol and growth kinetics in a D. tertiolecta culture at 
different growth phases, D. tertiolecta was cultured in ATCC 1174DA 
medium containing 2.0 M NaCl. The kinetics experiment was started by 
inoculating a one-week old seed culture in a 10% v/v ratio into 150 ml of 
culture media in a 500 ml Erlenmeyer flask. The flasks were agitated on an 
orbital shaker at 100 rpm in a humidity and temperature controlled plant 
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growth chamber (MLR-351-H, Sanyo, Moriguchi, Osaka, Japan) at 80% 
humidity at 25°C with a photoperiod of 17 h light and 7 h dark. Light was 
provided by cool white fluorescent lights at an intensity of 70 µmol photons 
m-2 s-1. Cell concentration was determined by fixing cells with 2% 
formaldehyde and counting under a light microscope using a hemocytometer 
(Improved Neubauer). Five experimental repeats were performed for the 
experiment. 
3.2.2 Carbon partitioning determination of D. tertiolecta at different 
growth phases 
Cell concentration, glycerol, starch and total organic carbon contents were 
assayed approximately once a day until the death phase. Subsequently, the 
amount of carbon assimilated by the culture into biomass, glycerol and starch 
was characterized and modelled with respect to time. The assimilation of 
carbon to the various cellular components was described by a carbon 
distribution model  
PEG + xpst + xPIG + xPB = pct         (4)  
where PEG, Ps, PIG, PB represent the extracellular glycerol, starch, intracellular 
glycerol, biomass pools respectively. pc denotes the overall carbon fixation 
rate (mg carbon ml-1 d-1).  
Each term component is in volumetric concentration units (mg carbon ml-1). 
The amount of carbon channeled to the extracellular glycerol pool PEG (mg 
carbon ml-1) in the model was estimated using the balance of the carbon 
content after its assignment to intracellular components (starch and biomass).   
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3.2.3 Computational analysis 
The model equations from the carbon partitioning determination of D. 
tertiolecta at different growth phases were fitted to the experimental data 
using the Excel Solver computational tool to determine the parameter values 
of best fit. 
3.2.4 Dunaliella tertiolecta culture for investigation of the physiology of 
glycerol synthesis during hyperosmotic stress 
For the hyperosmotic stress experiments in the second part of the study, D. 
tertiolecta was cultured at culture conditions described in Chapter 2. 
Hyperosmotic stress experiments were performed in triplicates. Cell 
concentration was monitored by fixing cells and counting using a 
hemocytometer as described in Chapter 2.   
3.2.5 Hyperosmotic treatments 
Previous investigations in Chapter 2 have demonstrated that D. tertiolecta is 
highly tolerant to a wide range of salinities from 0.5 M NaCl to 4.0 M NaCl 
with optimal growth from 0.5 M NaCl to 2.0 M NaCl. The hyperosmotic 
shock was performed from 2.0 M to 4.0 M NaCl as a two-fold increase in salt 
concentration induces a significant increase in glycerol synthesis without over-
stressing the cells as observed by the survival of most cells after the shock.  
All hyperosmotic treatments were performed in the light phase of the 
photoperiod using cells at the exponential phase of growth. To subject the 
cells to a hyperosmotic shock, the cells were grown in ATCC 1174DA 
medium containing 2.0 M NaCl and collected by centrifugation at 10 000 g for 
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20 min and re-suspended in fresh ATCC 1174DA medium containing 4.0 M 
NaCl. Cell concentration was determined by fixing and counting the cells after 
re-suspension. As a control, algae originally grown in culture medium 
containing 2.0 M NaCl were collected at the same conditions and re-
suspended in isotonic medium containing 2.0 M NaCl. Cells were collected at 
0 h, 0.5 h, 2 h, 4 h, 6 h, 8 h, 24 h, 48 h, 72 h, 96 h and 120 h after 
hyperosmotic shock by centrifugation at 10 000 g for 10 min. The 
centrifugation time was reduced from 20 min to 10 min to accommodate the 
shortest time point of 0.5 h. 
For the study of the adaptation of cells to various salinities in the long term, D. 
tertiolecta was cultured in ATCC 1174DA medium containing 0.5 M, 1.0 M, 
2.0 M, 3.0 M and 4.0 M NaCl. At the start of the experiment, one week-old 
cultures adapted to the respective NaCl concentrations were inoculated in a 10% 
v/v ratio in Erlenmeyer flasks containing 50 ml of fresh medium. The growth 
rate at the exponential phase was determined as described in Chapter 2. 
Cells at the exponential phase of growth (4 days for 0.5 M, 1.0 M and 2.0 M 
NaCl, 7 days for 4.0 M NaCl) were collected for the assay of glycerol, starch, 
total organic carbon, chlorophyll and total RNA. All cell samples were 
collected at the same time-point of the light phase (6 h light) to minimize 
variation due to possible diurnal changes in gene expression.  
3.2.6 Glycerol measurement 
Glycerol was measured as described in Chapter 2.  
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3.2.7 Starch measurement 
Starch was measured using the Starch Assay kit (STA20, Sigma-Aldrich, St 
Louis, MO). The culture was centrifuged at 10 000 g for 20 min at 4°C to 
collect cells for starch assay. Cells were washed with 80% ethanol to remove 
glucose and maltodextrins and assayed for starch according to manufacturer’s 
protocol. 
3.2.8 Cell volume measurement 
Cell volume was measured as described in Chapter 2. 
3.2.9 TOC measurement 
Intracellular total carbon content (TC) was measured using a TOC-VCSN 
analyser (Shimadzu, Nakagyo-ku, Kyoto, Japan) installed with a Non-
Dispersive Infrared Detector. Cells were collected by centrifugation at 10 000 
g for 20 min at 4°C and washed with 2.0 M NaCl. The pellet was re-suspended 
in ultrapure water and transferred to the TCanalyser for analysis.  
3.2.10 Chlorophyll measurement 
Cells were collected by centrifuging the culture at 10 000 g for 20 min at 4°C. 
DMSO was added to the cell pellet and the mixture was vortexed at maximum 
speed for 1 min until the pellet disintegrated. An equal volume of 90% acetone 
was added and the mixture was mixed well. The mixture was centrifuged at 10 
000 g for 10 min to remove cell debris and absorbances were measured at 630 
nm, 647 nm, 664 nm, 665 nm and 750 nm using a UV spectrophotometer 
(Genesys 10S UV-Vis, Thermo Scientific, Waltham, MA). To correct for 
pheopigment, 40 µl of 1.0 M HCl was added to 1 ml of the mixture and the 
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mixture was incubated at room temperature for 90s before absorbances were 
measured at 665 nm and 750 nm. Chlorophyll contents were calculated using 
the following trichromatic equations (Jeffrey and Humphrey, 1975) and the 
monochromatic equation for pheopigment correction (Lorenzen, 1967): 
Trichromatic equations 
Chlorophyll a = (11.85 x (A664 - A750) - 1.54 x (A647 - A750) - 0.08 (A630-A750)) 
x Ve/L x Vf 
Chlorophyll b = (-5.43 x (A664 - A750) + 21.03 x (A647 - A750) - 2.66 (A630-A750)) 
x Ve/L x Vf 
Monochromatic equation for pheopigment correction 
Corrected chlorophyll a = 11.4 x K x ((A665o - A750o) - (A665a - A750a)) x Ve /L 
x Vf 
A665o, A750o = Absorbances before acidification 
A665a, A750a = Absorbances after acidification 
where  
L=light path of the cuvette (cm) 
Ve=extraction volume (ml) 
Vf=filtered volume (ml)  
R=maximum absorbance ratio of A665o/A665a in the absence of pheopigments = 
1.7 
K = R/(R − 1) = 2.43 
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Concentrations are in µg ml-1. 
3.2.11 Photosynthetic rate measurement  
Oxygen evolution activities of the cultures subjected to hyperosmotic stress 
were measured at 25°C with a Clark-type oxygen electrode (Rank Brothers 
Ltd, Cambridge, United Kingdom) illuminated with a slide-projector lamp at a 
light intensity of 20 µmol photons m-2 s-1. Prior to oxygen evolution 
measurements, chlorophyll concentrations of the cultures were determined and 
cell suspensions were diluted until they contained 0.65 µg ml-1 of chlorophyll 
to minimize the effects of cell shading on photosynthesis. A 4 ml aliquot of 
the diluted cell suspension was transferred to the oxygen electrode chamber. 
To ensure that oxygen evolution was not limited by the carbon source 
available to the cells, 80 µl of 0.5 M sodium bicarbonate solution was added to 
the cell suspension before oxygen evolution measurements. The rate of 
oxygen evolution was measured by recording the slope of oxygen evolution 
for 3 min.  
3.2.12 Carbon partitioning determination of D. tertiolecta cells adapted to 
various salinities 
The overall carbon assimilated (mg cell-1) was obtained from the total of the 
TOC (mg cell-1) and the carbon contributed by extracellular glycerol (mg cell-1) 
based on the previous investigations that glycerol accounted for more than 90% 
of the organic compounds released by D. tertiolecta (Hellebust, 1965). The 
rate of overall carbon assimilation (mg cell-1 d-1) of D. tertiolecta grown at 
varying salinities was derived from the product of the overall carbon 
assimilated (mg cell-1) and the specific growth rate (d-1) at each salinity. 
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Biomass carbon was calculated as the balance of TOC and intracellular 
glycerol and starch content (Chow et al., 2013).  
3.2.13 Extraction of total RNA 
Total RNA was extracted from cells using the RNeasy Plant Mini kit (Qiagen) 
according to manufacturer’s instructions. Total RNA was treated with DNase 
before reverse transcription into cDNA.  
3.2.14 Cloning of cDNA sequences of PFK, GPDH and G6PDH by Rapid 
Amplification of cDNA Ends (RACE) 
5’ RACE and 3’ RACE were performed using the SMART RACE cDNA 
Amplification Kit (Clontech, Mountain View, CA) to amplify the 5’ and 3’ 
ends of the PFK, GPDH and G6PDH cDNA sequences respectively. 5’ and 3’ 
RACE of the PFK cDNA were performed by a laboratory colleague, Ms Zhao 
Ran. Briefly, 5’ RACE of the PFK cDNA in D. tertiolecta was performed 
using the universal primer (UPM) or nested universal primer (NUP) as 
forward primer and a DtPFK gene-specific primer DtPFKR1 or DtPFKR2 as 
reverse primer. The 3’ RACE product of PFK was generated using a gene-
specific forward primer DtPFKF1 or DtPFKF2 and reverse primer UPM or 
NUP from the kit.  
5’ RACE of the D. tertiolecta GPDH cDNA was performed by using the UPM 
as the forward primer and PCR primer DtGPDHR1 as the reverse primer in 
the first PCR amplification with 5’ RACE ready cDNA as the template. Two 
rounds of nested PCR were subsequently performed. The first round of nested 
PCR was performed on the primary PCR product from 5’ RACE with the 
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NUP as the forward primer and primer DtGPDHR2 as the reverse primer. 
Subsequently, a second round of nested PCR was performed on the same 
primary PCR product from 5’ RACE with NUP as the forward primer and 
primer DtGPDHR3 as the reverse primer. Gene-specific forward primers 
DtGPDHF1 and DtGPDHF2 used in 3’ RACE of DsGPDH2 (He et al., 2009), 
were used to amplify the 3’ end of the cDNA sequence coding for the 
osmoregulatory chloroplastic isoform of GPDH in D. tertiolecta. The first 
polymerase chain reaction (PCR) amplification was performed with primer 
DtGPDHF1 as the forward primer and UPM (Clontech, Mountain View, CA) 
as the reverse primer using the 3’ RACE ready cDNA as template. Nested 
PCR was performed on the primary PCR product from 3’ RACE with primer 
DtGPDHF2 as the forward primer and NUP as the reverse primer (Clontech, 
Mountain View, CA). 
Gene specific primers for RACE to obtain the G6PDH cDNA sequence in D. 
tertiolecta were designed based on the conserved regions of the Dunaliella 
bioculata (GenBank accession number AJ132346.1), Volvox carteri (GenBank 
accession number XM_002952976) and Chlorella vulgaris (GenBank 
accession number AB331729) G6PDH cDNA sequences. Primary PCR 
amplification of the 5’ end of the cDNA sequence coding for G6PDH in D. 
tertiolecta was performed using UPM as the forward primer and gene specific 
primer DtG6PDHR1 as the reverse primer. Nested PCR was performed on the 
primary PCR product from 5’ RACE with NUP as the forward primer and 
primer DtG6PDHR2 as the reverse primer. For 3’ RACE, primary PCR 
amplification of the 3’ end of the D. tertiolecta G6PDH was performed using 
the universal primer UPM with DtG6PDHF1 as the forward primer and UPM 
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as the reverse primer. Nested PCR was performed on the primary PCR product 
from 3’ RACE with primer DtG6PDHF2 as the forward primer and NUP as 
the reverse primer.  
3.2.15 Sequence analysis 
PCR products obtained from RACE were purified by gel extraction, cloned 
into the pGEM®-T Easy Vector System (Promega, Madison, WI) and 
subsequently sequenced. Sequences were assembled using the CAP3 sequence 
assembly program (http://pbil.univ- lyon1.fr/cap3.php). Primers DtGPDHF3 
and DtGPDHR4 were designed based on the assembled 5’ and 3’ RACE 
fragments and used to amplify the DtGPDH cDNA using high-fidelity 
PfuTurbo DNA polymerase (Agilent Technologies, Santa Clara, CA). 
Similarly, primers DtG6PDHF3 and DtG6PDHR3 were designed based on the  
assembled 5’ and 3’ RACE fragments and used to amplify the DtG6PDH 
cDNA. The full length cDNAs of GPDH and G6PDH were sequenced and 
named DtGPDH and DtG6PDH respectively. DtGPDH and DtG6PDH 
sequences were deposited in GenBank at the National Centre for 
Biotechnology Information (NCBI) as KJ930370 and KJ930371 respectively. 
The full length cDNA sequence of PFK from D. tertiolecta was named DtPFK 
(GenBank accession number KJ930517).    
The NCBI Open Reading Frame Finder tool 
(http://www.ncbi.nlm.nih.gov/projects/gorf/) was used to determine the 
putative ORF of DtPFK, DtGPDH and DtG6PDH. The molecular weights and 
theoretical isoelectric points (pI) were predicted using the ProtParam tool at 
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the ExPASy Bioinformatics Resource Portal 
(http://web.expasy.org/compute_pi).  
Protein sequences of PFK homologues from green microalgae Dunaliella 
salina (D5JAJ9_DUNSA), Chlamydomonas reinhardii (A8HX70_CHLRE) 
and Volvox carteri (D8THY1_VOLCA and D8TRU2_VOLCA) were 
retrieved from the Protein Knowledgebase (UniProtKB) and ClustalW2 was 
used to perform multiple sequence alignment of the translated DtPFK. 
Similarly, protein sequences of other osmoregulatory GPDH isoforms in 
Dunaliella salina (DsGPDH1, V9MH41_DUNSA; DsGPDH2, 
Q52ZA0_DUNSA) and Dunaliella viridis (DvGPDH1, C5H3W0_9CHLO; 
DvGPDH2, C5H3W1_9CHLO) were retrieved from the UniProtKB database 
and ClustalW2 was used to perform multiple sequence alignment of the 
translated DtGPDH. G6PDH homologues in the green microalgae Dunaliella 
bioculata (Q9STC7_DUNBI), Chlorella vulgaris (D2KTU8_CHLVU) and 
Volvox carteri (D8U2R5_VOLCA) were also retrieved from UniProtKB and 
multiple sequence alignment of the translated DtG6PDH was performed.  
Catalytic domains important for enzymatic function were identified by 
comparing with the NCBI Conserved Domain Database 
(http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml). Presence of 
chloroplast transit peptides was predicted using ChloroP 
(http://www.cbs.dtu.dk/services).  
3.2.16 Quantitative real-time PCR analysis  
Total RNA from cells after hyperosmotic treatments was extracted and cDNA 
was synthesized using the SuperScripttm III First Strand Synthesis System 
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(Invitrogen, Carlsbad, CA). Quantitative real- time PCR (qPCR) was 
performed using the Maxima SYBR Green/ROX qPCR Master Mix 
(Fermentas, Waltham, MA) on a Applied Biosystems 7500 Real-time PCR 
system (Life Technologies, Carlsbad, CA). The D. tertiolecta beta-tubulin 
gene (DtTUB) was used as the internal standard for normalization (Lin et al., 
2013). Gene-specific primers DtTUBRTF and DtTUBRTR were used for 
amplification of the DtTUB gene fragment Primer pair DtPFKRTF and 
DtPFKRTR was used to amplify the DtPFK gene fragment. DtGPDHRTF and 
DtGPDHRTR primers were used to amplify the DtGPDH gene fragment while 
DtG6PDHRTF and DtG6PDHRTR primers were used to amplify the 
DtG6PDH gene fragment. Expression was represented as 2-ΔCt where ΔCt is Ct 
gene of interest-Ct DtTUB (Livak and Schimittgen, 2001).    
3.2.17 Statistical analysis 
The data was analyzed by One-way Analysis of Variance (ANOVA) 
(Dunnett’s T test) and linear regression was performed using SPSS Version 20 
(SPSS Inc., Chicago, IL). Significance was determined at a 95% confidence 
limit. 
3.3 Results 
3.3.1 Carbon partitioning of a D. tertiolecta culture at different phases of 
growth  
The exponential phase of the D. tertiolecta culture at 2.0 M NaCl lasted for 2 
days. Stationary phase was reached at day 25. The culture maintained at 
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stationary phase for 30 days before entering the death phase at day 55 (Fig. 
3.2). The increase in cell concentration could be described by the equation  
       
(5) 
in which an exponential light attenuation factor Ku was integrated into the 
specific growth rate µ (Chow et al., 2013, Araújo et al., 2009, Fernández et al., 
2012). x denotes cell concentration (cells ml-1) and t the time of incubation. 
The maximum specific growth rate without light limitation µm was 0.66 d-1 
while the attenuation constant Ku was 0.215 d
-1. The decrease in cell 
concentration during the death phase could be modelled by an exponential 
death rate equation with a death rate constant (kd) of 0.057 d
-1. X55 denotes cell 
concentration when the culture entered death phase at day 55. 
   (6) 
During active growth of the culture, there was a rapid rate of carbon 
accumulation in the biomass component. Biomass carbon content reached a 
maximum during the stationary phase and remained relatively constant 
throughout the stationary phase. Intracellular glycerol concentration also 
remained relatively constant throughout the different phases of the culture at 
2.5 x 10-8 mg cell-1, equivalent to 9.8 x 10-9 mg carbon cell-1. The cell biomass 
composition did not vary much until the culture entered stationary phase at 
which the allocation of assimilated carbon to cell biomass stopped and storage 



























of starch accumulation per cell. Starch concentration reached a maximum of 
7.2x10-7 mg cell-1, equivalent to 3.2x10-7 mg carbon cell-1 (Fig. 3.3).  
The maximum intracellular carbon that was fixed by the culture was 0.8 mg 
carbon ml-1 and decreased to 0.5 mg carbon ml-1 during the death phase. 
However, the overall culture carbon assimilation rate increased linearly at a 
rate of 0.031 mg carbon ml-1 d-1 for the entire culture period even during the 
death phase (Fig. 3.4).  
Analysis of carbon partitioning showed that initially, most of the 
photosynthetically fixed carbon was present in the cells with intracellular 
glycerol, starch and biomass accounting for 76% of the total carbon content. 
Biomass carbon contributed to 68% of intracellular carbon while intracellular 
glycerol occupied 20%. There was a shift in carbon partitioning as the culture 
entered the stationary phase (Fig. 3.5A). The contributions of biomass and 
intracellular glycerol decreased to a few percent as the storage starch fraction 
increased linearly to become the major component of intracellular carbon (Fig. 
3.5B). However, the allocation of total fixed carbon to starch did not increase 
above 27%. Extracellular glycerol continued to accumulate and surpassed 
biomass as the dominant carbon fraction when the cells entered stationary 
phase (Day 20). Most of the subsequently fixed carbon continued to be 
channeled to extracellular glycerol, reaching 82% of the total fixed carbon 
(Fig. 3.5A). The trend of intracellular glycerol (mg ml-1) with time closely 
correlated with that of the predicted cell concentration and decreased during 
the death phase. However, extracellular glycerol continued to be produced 
even during the death phase and reached a concentration of 5.5 mg ml-1 at the 
end of the culture period which was 34 times higher than the maximum 
 68 
 
concentration of intracellular glycerol (0.16 mg ml-1) attained (Fig. 3.6 and Fig. 
3.7). Starch was the second major store of carbon and occupied 18% of the 
final carbon content. Only 0.4% of the final total fixed carbon was attributed 
to  intracellular glycerol and biomass.  
As described by the carbon distribution model (Eqn 4), starch accumulated at 
an overall average specific rate of Ps (1.6 x 10
-9 mg carbon cell-1 d-1) while 
intracellular glycerol and biomass remained at constant specific concentrations 
of PIG (9.8 x 10
-9 mg carbon cell-1) and PB (4.7 x 10
-8 mg carbon cell-1) 
respectively. With a constant overall carbon fixation rate pc of 0.031 mg 
carbon ml-1 d-1 and using the balance of the carbon content after assignment to 
intracellular components (starch and biomass), the predicted extracellular 










































Fig. 3.2 Growth kinetics of D. tertiolecta at 2.0 M NaCl showing growth, 
stationary and death phases. The broken line represents cell concentration as 
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Model Total C mg/ml
Total intracellular
carbon (mg/ml)
Fig. 3.3 Cellular carbon content of D. tertiolecta. Cell components include 
intracellular glycerol, starch and biomass. Data is represented as means±SD. 
 
Fig. 3.4 Overall carbon captured by D. tertiolecta and total intracellular 
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Fig. 3.5 Carbon partitioning of D. tertiolecta (A) Overall assimilated carbon 
channelled to extracellular glycerol, intracellular glycerol, starch and biomass. 
(B) Intracellular carbon channelled to starch, intracellular glycerol and 























































































Fig. 3.6 Accumulation of extracellular glycerol in D. tertiolecta culture 
grown at 2.0 M NaCl. The broken line represents PEG values calculated 
from the carbon distribution model (Eqn 4). Data is represented as 
means±SD. 
 
Fig. 3.7 Intracellular glycerol accumulation in the D. tertiolecta culture at 
2.0 M NaCl. The broken line represents the model derived from the 
predicted cell concentration (Eqns 5 and 6) and constant specific 





3.3.2 Physiological response of D. tertiolecta during a hyperosmotic 
shock 
There was an increase in intracellular glycerol concentration (mg cell-1) 4 to 8 
h after the cells were transferred from 2.0 M NaCl to 4.0 M NaCl. Intracellular 
glycerol concentration was twice that of non-shocked cells 24 h after the 
hyperosmotic shock (Fig. 3.8). Upon the hyperosmotic shock, there was a 
small (30%) decrease in cell volume. Cell volume increased with time and 
returned to that similar of the control within 24 h after the hyperosmotic shock 
(Fig. 3.9 and Fig. 3.10). There was no significant difference in starch 
concentration (mg cell-1) of the cells subjected to the hyperosmotic shock and 
the control cells at most of the time points after the transfer to a higher salinity 
(Fig. 3.11). There was a decrease in photosynthetic rate of the cells upon the 
hyperosmotic shock with a slight recovery within 4 h (Fig. 3.12).  
3.3.3 Carbon partitioning of D. tertiolecta adapted to various salinities 
As observed previously in Chapter 2, when D. tertiolecta was cultured in 
medium containing different NaCl concentrations, there was no significant 
difference in specific growth rate of cells grown at 0.5 M to 2.0 M NaCl. 
There was a decrease in specific growth rate of cells grown at 3.0 M NaCl to 
0.35 d-1 with a further decrease to 0.30 d-1 at 4.0 M NaCl (Table 2.1).   
Similar to the observations in the study described in Chapter 2, intracellular 
and extracellular glycerol concentration (mg cell-1) increased proportionally 
with salinity. Extracellular glycerol (mg cell-1) accounted for approximately 50% 
of total glycerol produced by D. tertiolecta (Fig. 3.13). There was an inverse 
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relationship between starch concentration (mg cell-1) and salinity up to 3.0 M 
NaCl with a slight increase at 4.0 M NaCl (Fig. 3.14).   
There was a slight decrease in photosynthetic rate with salinity with no 
significant differences in photosynthetic activity of cells grown at different 
salinities (Fig. 3.15). There was also no significant difference in the rate of 
overall carbon assimilation at different salinities. In addition, there was a weak 
(R2= 0.1608) and insignificant linear relationship between carbon assimilation 
and salinity (Fig. 3.16).  
Biomass accounted for the majority of the rate of overall carbon assimilation 
at all salinities, followed by glycerol then starch. At these culture conditions, 
minimal amounts of carbon were assimilated into starch. The percentage of the 
rate of total carbon assimilated which was attributed to biomass was 
approximately 80% in cells grown at 0.5 M, 1.0 M and 2.0 M NaCl and 
decreased to approximately 60%  in cells grown at 3.0 M and 4.0 M NaCl. As 
cells were grown at increasing salinities from 0.5  M to 4.0 M NaCl, the rate of 
overall carbon assimilation into intracellular glycerol increased from 4% to 20% 
respectively. Similarly, the rate of overall carbon assimilation into 
extracellular glycerol increased from 5% at 0.5 M NaCl to 19% at 4.0 M NaCl. 
Taken together, the rate of overall carbon assimilation into total glycerol 
increased from 9% at 0.5 M NaCl to 40% at 4.0 M NaCl (Fig. 3.17). The rate 
of overall carbon assimilation into starch was small at approximately 8% when 
cells were grown at 0.5 M NaCl and 1.0 M NaCl before decreasing to 
approximately 2% at 2.0 M, 3.0 M and 4.0 M NaCl. The average increase in 
the rate of carbon assimilation into total glycerol of cells grown from 0.5 M 
NaCl to 2.0 M NaCl (4.74 x 10-9 mg C cell-1 d-1) was larger than the average 
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decrease in rate of carbon assimilated into starch (1.33 x 10-9 mg C cell-1 d-1). 
When cells were grown at salinities higher than 2.0 M NaCl, the average 
increase in the rate of carbon assimilation into total glycerol of cells (4.73 x 
10-9 mg C cell-1 d-1) was smaller than the average decrease in rate of carbon 
assimilated into biomass (7.88 x 10-9 mg C cell-1 d-1).      
3.3.4 Glycerol productivity of D. tertiolecta at various salinities 
There was a linear increase in total glycerol productivity (mg ml-1 d-1) of the D.  
tertiolecta cultures with salinity. Glycerol productivity of the cultures grown 
at 4.0 M NaCl was approximately twice that of the glycerol productivity of the 




























































































Fig. 3.8 Intracellular glycerol concentration (mg cell-1) of D. tertiolecta after a 
hyperosmotic shock. Data is represented as means±SD. 
 
Fig. 3.9 Cell volume of D. tertiolecta after a hyperosmotic shock. Data is 























Fig. 3.10 D. tertiolecta cells at different time-points after a hyperosmotic 
shock at 1000x magnification. Scale bars represent 10 µm. (A) 0 h (B) 2 h 


















































































Fig. 3.11 Starch concentration (mg cell-1) of D. tertiolecta after a 
hyperosmotic shock. Data is represented as means±SD. 
Fig. 3.12 Rate of oxygen evolution (nmol O2 10
6 cells-1 s-1) of D. tertiolecta 












































R² = 0.9908 



























Fig. 3.13 Glycerol concentrations (mg cell-1) of D. tertiolecta grown at 
different salinities. Data is represented as means±SD. 
 
Fig. 3.14 Starch concentration (mg cell-1) of D. tertiolecta grown at different 
salinities. Data is represented as means±SD. The data was analyzed by one-
way ANOVA (Dunnett’s T test) with 0.5 M NaCl as the control.   *, p<0.05 vs 





























































































Fig. 3.15 Rate of oxygen evolution (nmol O2 10
6 cells-1 s-1) of D. tertiolecta 
cultured at different salinities. Data is represented as means±SD. 
 
Fig. 3.16 Rate of carbon assimilation of D. tertiolecta grown at different salinities. 













































































































Fig. 3.17 Percentage of rate of carbon assimilation of D. tertiolecta to biomass, 
extracellular glycerol, intracellular glycerol and starch at different salinities. 
Data is represented as means±SD. 
 
Fig. 3.18 Total glycerol productivity of D. tertiolecta at different salinities. Data 




3.3.5 Sequence analysis of DtPFK, DtGPDH and DtG6PDH 
The DtPFK cDNA is 2049 bp long with an Open Reading Frame (ORF) of 
1635 bp. The predicted polypeptide codes for 544 amino acids with a 
molecular weight of 58.0 kDa and pI of 7.51. It was 99% identical to DsPFK 
and shared a high homology with other PFKs from the green microalgae 
Chlamydomonas reinhardtii and Volvox carteri (Fig. 3.19A).  
The DtGPDH cDNA is 2734 bp long with an ORF of 2106 bp. The predicted 
polypeptide codes for 701 amino acids with a molecular weight of 76.9 kDa 
and pI of 6.09. It shared a high homology with other Dunaliella GPDHs with 
the highest homology of 99% with the osmoregulatory chloroplastic isoform 
DsGPDH2 in D. salina (AY845323) (Fig. 3.19B). The first 30 amino acids at 
the N terminal of the translated DtGPDH were predicted to be a chloroplast 
targeting peptide. The putative amino acid sequence of DtGPDH was also 
highly similar to other osmoregulatory GPDHs in Dunaliella. Similar to other 
GPDHs cloned from Dunaliella, the DtGPDH enzyme contains phosphoserine 
phosphatase (106 aa-330 aa) and GPDH (333 aa-682 aa) catalytic domains.  
The DtG6PDH cDNA is 3246 bp long with an ORF of 1773 bp. The predicted 
polypeptide codes for 590 amino acids with a molecular weight of 65.5 kDa 
and pI of 7.59. It was identical to the G6PDH cDNA cloned from D. bioculata 
(AJ132346.1) (Fig. 3.19C). The first 35 amino acids at the N terminal of the 
translated DtG6PDH were predicted to be a chloroplast targeting peptide. The 
putative amino acid sequence was identical to the G6PDH in D. bioculata. 
Multiple sequence alignment revealed that DtG6PDH was also highly similar 
to G6PDHs of the green microalgae Chlorella vulgaris and Volvox carteri.  
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3.3.6 Expression of DtPFK, DtGPDH and DtG6PDH during 
hyperosmotic stress 
Transcript levels of DtPFK, DtGPDH and DtG6PDH were transiently up-
regulated 4 to 8 h after cells were transferred from 2.0 M to 4.0 M NaCl. The 
largest increase in the expression of DtPFK, DtGPDH and DtG6PDH was 
observed 4 to 6 h after the sudden increase in salt concentration. Transcript 
levels of DtPFK, DtGPDH and DtG6PDH increased approximately 30, 50 and 
20 times respectively as compared to the start of the experiment (p<0.05). The 
up-regulation of expression levels of these enzymes corresponded to the 
increase in intracellular glycerol synthesis. Transcript levels of DtPFK, 
DtGPDH and DtG6PDH subsequently returned to levels s imilar to that of the 
control within 72 h of the increase in salt concentration. At 120 h, the 
expression of DtPFK of hyperosmotically shocked cells was similar to that of 
the control (Fig. 3.20A) while transcript levels of DtGPDH and DtG6PDH of 
hyperosmotically shocked cells were 1.5 times higher than that of the control 
(Fig. 3.20A and B).   
When cells were cultured at varying salinities, there was a strong positive 
linear relationship between salt concentration and expression levels of DtPFK 
(R2= 0.711, p<0.05), DtGPDH (R2= 0.8008, p<0.05) and DtG6PDH (R2= 





























Fig. 3.19 Multiple sequence alignments of deduced amino acid sequences of DtPFK, 
DtGPDH and DtG6PDH with closely related homologues. Dark shadings, residues 
identical in all sequences, Grey shadings, highly conserved residues in sequences. (A) 
Alignment of translated DtPFK with PFKs from Dunaliella salina (DsPFK, 
D5JAJ9_DUNSA), Chlamydomonas reinhardii (CrPFK, A8HX70_CHLRE) and 
Volvox carteri (VcPFK1, D8THY1_VOLCA; VcPFK2, D8TRU2_VOLCA)  (B) 
Alignment of translated DtGPDH with GPDHs from Dunaliella salina (DsGPDH1, 
V9MH41_DUNSA; DsGPDH2, Q52ZA0_DUNSA) and Dunaliella viridis 
(DvGPDH1, C5H3W0_9CHLO; DvGPDH2, C5H3W1_9CHLO). (C) Alignment of 
translated DtG6PDH with G6PDHs from Chlorella vulgaris (CvG6PDH; 
D2KTU8_CHLVU), Volvox carteri (VcG6PDH; D8U2R5_VOLCA). and Dunaliella 


































































































































Fig. 3.20 Changes in expression levels of DtPFK, DtGPDH and DtG6PDH 
when D. tertiolecta was subjected to a hyperosmotic shock. Data is 




























































































































Fig. 3.21 Linear regression of NaCl concentrations with DtPFK, DtGPDH 
and DtG6PDH transcript expression levels when D. tertiolecta was cultured at 
different salinities. Data is represented as means±SD. (A) DtPFK (B) 










3.4  Discussion 
3.4.1 Carbon partitioning of D. tertiolecta at different growth phases  
When D. tertiolecta was cultured in 2.0 M NaCl medium, analysis of carbon 
dioxide assimilation revealed that starch was the dominant intracellular carbon 
product when the culture entered the stationary phase (Fig. 3.2 and Fig. 3.3). 
During the death phase, the decreasing cell density led to an increase in the 
amount of light energy available to each remaining viable cell, resulting in an 
increase in the rate of starch accumulation per cell (Fig. 3.3). The constant 
linear carbon fixation rate throughout the culture period, even during the death 
phase, suggests that photosynthetic output did not decrease during the death or 
stationary phases (Fig. 3.4). This implies that the remaining viable cells in the 
culture were able to capture and maximize the utilization of unused light 
energy, resulting in a linear carbon fixation rate corresponding to the constant 
light energy supplied. The further fixation of carbon dioxide was accounted 
for by the continual production and release of extracellular glycerol by cells to 
form an extended external carbon pool. Extracellular glycerol became the 
main product of photosynthesis during stationary phase when growth of new 
cells had ceased (Fig. 3.5). The overall assimilated carbon content was more 
than five times that of intracellular carbon content, demonstrating that a five 
times larger capacity to perform carbon dioxide sequestration could be 
achieved by the extracellular glycerol pool as compared to intracellular 
products. The more than 30 times higher extracellular glycerol concentration 
as compared to intracellular glycerol concentration on a culture volume basis 
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shows that the extracellular glycerol probably originated from 
photosynthetically fixed carbon instead of cell lysis (Fig. 3.6 and Fig. 3.7). 
Hence, the findings from this part of the study demonstrate that there is no 
apparent physiological restriction of the maximum glycerol that may be 
generated outside the cells as long as some viable cells are present. This is 
unlike intracellular glycerol which is limited by the amount required for 
osmotic balance and cell growth or other products such as biomass and starch 
which are limited by cell volume. The continual synthesis of extracellular 
glycerol even at stationary phase also resulted in greatly increased yields of 
glycerol per culture volume as well as greatly reduced biomass waste. Thus, 
extracellular glycerol may pose as an effective, valuable and stable carbon 
sink for carbon dioxide sequestration by D. tertiolecta.  
Nevertheless, as glycerol production is dependent on photosynthetic fixation 
of carbon dioxide, the light supply and photosynthetic activity were likely to 
be the limiting factors for extracellular glycerol production in this part of the 
study (Chow et al., 2013). It has been observed that the photosynthetic rate of 
D. salina doubled when the cells were cultured in medium containing 3.0 M 
NaCl as compared to 0.5 M NaCl so as to allow increased glycerol synthesis 
(Liska et al., 2004).  
3.4.2 Physiological responses of D. tertiolecta during hyperosmotic stress 
When D. tertiolecta was subjected to a sudden hyperosmotic shock in the 
second part of the study, the increase in intracellular glycerol after D. 
tertiolecta cells occurred within a few hours of the shock and was completed 
within 24 h (Fig. 3.8). The increase in intracellular glycerol concentration 
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corresponded to the second stage of the hyperosmotic shock response of 
Dunaliella. In other Dunaliella species such as D. salina, the lack of a rigid 
cell wall causes the cells to behave like osmometers and a hyperosmotic shock 
results in a 50% decrease in cell volume due to net water loss within a few 
minutes after the increase in salinity (Chitlaru and Pick, 1989, Oren-Shamir et 
al., 1990). In contrast, there was a smaller decrease in cell volume of D. 
tertiolecta upon the hyperosmotic shock (Fig. 3.9 and Fig. 3.10). It has been 
suggested that the smaller decrease in cell volume of D. tertiolecta is a result 
of a less elastic cell membrane (Lin et al., 2013). Hence, there may be 
alternative mechanisms to counter a sudden increase in salinity before glycerol 
synthesis occurs. Previous investigations have revealed that there is an uptake 
of glycerol by D. tertiolecta within five minutes of a hyperosmotic shock (Lin 
et al., 2013). This may account for the insignificant decrease in cell volume as 
there will be increased glycerol in the cells to counter the external osmotic 
pressure, resulting in a smaller net water loss. The full recovery of cell volume  
within 24 h corresponds to the completion of intracellular glycerol synthesis.  
Starch contents of D. tertiolecta cells cultured at 2.0 M NaCl and 4.0 M NaCl 
were negligible (Fig. 3.14). Consequently, there was no significant difference 
between the starch content of the hypersmotically shocked cells as compared 
to the control cells (Fig. 3.11). Hence, when cells were transferred from 2.0 M 
to 4.0 M NaCl, the increase in fixed carbon required for glycerol synthesis was 
not the result of a decrease in fixed carbon channeled towards starch 
accumulation. Instead, fixed carbon from photosynthesis may have been 
channeled directly to glycerol synthesis. Alternatively, fixed carbon for 
glycerol synthesis may have been channeled from other components of 
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biomass. One of the strategies to increase the flow of assimilated carbon to 
glycerol synthesis of Dunaliella is the enhancement of carbon dioxide fixation 
via photosynthesis as observed in the hyperhaline species D. salina (Liska et 
al., 2004). However, net photosynthetic rates of D. tertiolecta did not increase 
during the hyperosmotic shock, suggesting that the rate of carbon fixation is 
constant when cells were transferred from 2.0 M to 4.0 M NaCl (Fig. 3.12).   
Glycerol concentrations (mg cell-1) of D. tertiolecta adapted to various 
salinities increased proportionally with salinity to maintain osmotic balance as 
observed previously in Chapter 2 (Fig. 3.13). Similar to previous studies 
which report a decrease in starch content of Dunaliella with salinity (Gimmler 
and Moller, 1981, Goyal, 2007), there was a decrease in starch concentrations 
from 0.5 M NaCl until it reached negligible levels at 2.0 M, 3.0 M and 4.0 M 
NaCl (Fig. 3.14). There were no significant differences in net photosynthetic 
rate of D. tertiolecta adapted to different salinities (Fig. 3.15). Consequently, 
similar rates of overall carbon dioxide assimilation were observed when D. 
tertiolecta was grown at different salinities (Fig. 3.16). These suggest that the 
massive increase in glycerol biosynthesis is the result of carbon channeling 
from a constant rate of carbon fixation.  
3.4.3 Carbon partitioning of D. tertiolecta adapted to various salinities 
Carbon partitioning analysis of D. tertiolecta adapted to various salinities 
showed that there was a decrease in the percentage of fixed carbon accounted 
for by starch as D. tertiolecta was grown from 0.5 M to 2.0 M NaCl before 
remaining at constant low levels at 3.0 M and 4.0 M NaCl. The average 
increase in the rate of carbon assimilation into total glycerol of cells grown 
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from 0.5 M NaCl to 2.0 M NaCl (4.74 x 10-9 mg C cell-1 d-1) could be partly 
accounted for by the average decrease in the rate of carbon assimilated into 
starch (1.33 x 10-9 mg C cell-1 d-1), implying that glycerol synthesis of cells 
cultured from 0.5 M to 2.0 M NaCl occurs at the expense of starch 
accumulation (Fig. 3.17). The remaining carbon required for glycerol 
synthesis may have been directly derived from carbon fixation during 
photosynthesis. At high salinities of 3.0 M and 4.0 M NaCl, the percentage 
contribution by starch had decreased to a constant negligible amount. Hence, 
carbon mobilization towards glycerol at the expense of starch formation was 
insufficient for the increase in glycerol synthesis at these salinities. Instead, 
glycerol synthesis occurred at the expense of biomass production at these 
salinities. This is demonstrated by the average decrease in rate of carbon 
assimilated into biomass (7.88 x 10-9 mg C cell-1 d-1) of cells grown at 2.0 M 
to 4.0 M NaCl accounting for the average increase in the rate of carbon 
assimilation into total glycerol of cells (4.73 x 10-9 mg C cell-1 d-1) at these 
salinities (Fig. 3.17). The smaller than proportionate increase in total glycerol 
productivity with salinity indicates a potential for glycerol synthesis to be 
maximized further (Fig. 3.18). This may be performed by approaches such as 
the use of genetic engineering to increase photosynthetic rate and 
consequently, carbon dioxide fixation.  
3.4.4 Expression of DtPFK, DtGPDH and DtG6PDH during 
hyperosmotic stress 
Multiple sequence alignments of DtPFK, DtGPDH and DtG6PDH with 
homologues in other Dunaliella species indicate that these enzymes are highly 
conserved in Dunaliella (Fig. 3.19). Presence of chloroplast transit sequences 
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in the putative amino acid sequences of DtGPDH and DtG6PDH suggests that 
these enzymes are localized to the chloroplast, providing evidence for their 
involvement in the glycerol synthesis and the pentose phosphate pathways 
respectively, both of which occur in the chloroplast.  
The concurrent large increase in expression of DtPFK, DtGPDH and 
DtG6PDH with the increase in intracellular glycerol concentrations in D. 
tertiolecta after the hyperosmotic shock suggests that the up-regulation of 
these genes are crucial for rapid glycerol synthesis when cells are transferred 
from low salinity to high salinity (Fig. 3.20). The increase in expression of 
DtGPDH during the hyperosmotic shock is similar to the increase in transcript 
levels of the closely related D.  salina homologue DsGPDH2 within 4 h after 
the cells were subjected to a high NaCl concentration  (He et al., 2007).  
When cells were grown at different salinities, there was also a positive 
relationship between the expression of DtPFK, DtGPDH and DtG6PDH with 
the salt concentration of the culture medium (Fig. 3.21). The up-regulation of 
DtPFK by hyperosmotic stress suggests that it is required for glycolysis which 
provides intermediates for glycerol synthesis through the degradation of 
glucose. Likewise, DtGPDH is up-regulated by salinity for increased glycerol 
production by the glycerol synthesis cycle. The increase in transcription of 
DtG6PDH with salinity suggests that the alternate pathway of glycerol 
synthesis via the pentose phosphate pathway is activated for increased glycerol 
synthesis. In addition, the increase in activity of the pentose phosphate 
pathway with salinity, as inferred from the up-regulation of DtG6PDH by 
hyperosmotic stress, may also be crucial in providing reducing power in the 
form of NADPH for various biosynthetic activities at high salinities.    
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Hence, the activation of transcription of DtPFK, DtGPDH and DtG6PDH by 
salinity highlights the central roles of these enzymes in the mobilization of 
fixed carbon towards glycerol synthesis during a sudden hyperosmotic shock 
as well as during the long term response to hyperosmotic stress. Protein 
expression of these enzymes and enzymatic activity should be quantified in 
future work to validate these conclusions. However, as Dunaliella tertiolecta 
is a non-model organism, specific antibodies for these enzymes are not 
commercially available and enzyme activity assays are not optimized.  The 
generation of antibodies for these enzymes and optimization of enzyme 
activity assays are beyond the scope of this study but should be considered in 
future investigations.    
3.5  Conclusion 
In conclusion, the findings from the first part of this study demonstrate the 
potential of extracellular glycerol as a novel carbon sink in D. tertiolecta and 
shed light on the details of the physiology of glycerol synthesis in D. 
tertiolecta. In addition, the detailed investigation of the continual production 
of extracellular glycerol from carbon dioxide by D. tertiolecta also lays the 
foundation for the development of bioprocess technologies to produce glycerol 
from Dunaliella.  
Carbon partitioning calculations in the second part of the study show that 
glycerol synthesis in D. tertiolecta occurs at the expense of starch 
accumulation at lower salinities of 0.5 M to 2.0 M NaCl, as observed from the 
decrease in carbon assimilated into starch. At higher salinities of 3.0 M and 
4.0 M NaCl, glycerol synthesis occurs at the expense of biomass formation. 
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Unlike D. salina, there is no net increase in the rate of photosynthesis at higher 
salinities. Hence, carbon channeling is the predominant mechanism for 
glycerol synthesis in D. tertiolecta. Transcript levels of DtPFK, DtGPDH and 
DtG6PDH are up-regulated with increasing salinities, indicating that these 
enzymes may be involved in the facilitation of carbon mobilization towards 
glycerol synthesis. The elucidation of the cDNA sequences of the enzymes 
important for glycerol synthesis will aid in future investigations such as the 
development of antibodies to quantify the protein levels of these enzymes.            
The investigation into the physiology of glycerol synthesis of D. tertiolecta 
provides important insights into maximizing both glycerol productivity and 
carbon dioxide fixation rate. Growing the D. tertiolecta culture at higher 
salinities did not result in an increase in net photosynthetic rate although 
glycerol production increased. In addition, there was a smaller than 
proportionate increase in total glycerol productivity (mg ml-1 h-1) when 
cultures were grown at 4.0 M NaCl as compared to 0.5 M NaCl. As suggested 
from the findings of the first part of the study, light supply and photosynthetic 
activity were likely to be the limiting factors for extracellular glycerol 
production. Thus, to maximize both glycerol productivity and carbon dioxide 
fixation rate concurrently, other approaches such as the over-expression of 
enzymes involved in carbon dioxide fixation could be used to improve both 






Chapter 4 Intracellular glycerol accumulation in 
light limited Dunaliella tertiolecta culture is 
determined by partitioning of glycerol across the 
cell membrane 
4.1  Introduction 
It has been shown in previous chapters of this project and other investigations 
that Dunaliella cells accumulate intracellular glycerol as an osmotic solute  in 
order to maintain osmotic balance and prevent net water loss or entry into the 
cells (Ben-Amotz and Avron, 1990). Some of this glycerol has been found to 
be released into the culture medium and poses as a potential carbon sink for 
carbon dioxide sequestration (Chow et al., 2013, Jones and Galloway, 1979, 
Hellebust, 1965, Huntsman, 1972). In this study, the regulatory mechanisms 
for glycerol production of D. tertiolecta at N-limited and light- limited 
conditions were investigated. The findings suggest that the regulatory 
mechanisms for glycerol production in the N-limited and light- limited 
conditions are different and overall glycerol output was higher at light- limited 
conditions rather than N- limiting, low cell density conditions. This has 
implications in the understanding of the physiology of Dunaliella and strategy 
for the production of glycerol as an industrial commodity. 
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4.2  Materials and Methods 
4.2.1 Chemostat culture of D. tertiolecta 
In this investigation, a chemostat culture system was used to study glycerol 
production in D. tertiolecta under N and light- limited conditions (Pirt, 1975, 
Lee et al., 2013). The microalga was cultured in ATCC 1174DA medium 
containing 0.5 M NaCl or 2.0 M NaCl with 0.5 mM or 5 mM KNO3.  
D. tertiolecta culture was grown in a double jacketed cylindrical glass vessel 
of 5 cm in internal diameter and 12 cm height, with an outlet for overflow. 
The culture volume was 100 ml. Illumination was provided continuously by 
three circumferential cool white fluorescent lights at an intensity of 100 µmol 
photons m-2 s-1. The culture was light-limited at 5 mM KNO3 feeding 
concentration for all dilution rates, for further increase in light intensity led to 
higher steady state cell concentration. At a KNO3 feed concentration of 0.5 
mM, the culture was N- limited, as the steady state cell concentration was 
lower than that attainable at 5 mM KNO3 . A variable-flow peristaltic pump 
(Model 520S, Watson-Marlow, Wilmington, MA) was used to deliver fresh 
culture medium from a reservoir into the culture vessel through silicon tubing. 
Algal culture flowed out of the vessel through the overflow outlet at the same 
flow rate as that of the infusion of fresh medium. 5% v/v CO2 gas mixture was 
supplied to the vessel at a rate of 40 ml min-1. The culture was stirred at a 
constant rate of 200 rpm using a magnetic stirrer. The temperature was 
maintained at 25°C. 
Cell concentration was counted twice a day as described in previous chapters 
to monitor the growth of the culture. Steady state was reached when the cell 
 96 
 
concentration remained constant for four volume changes of the culture  (Lee 
et al., 2013). For the chemostats operating at 5 mM KNO3, two dilution rates 
of 0.015 and 0.031 h-1 were used, which corresponded to 25% and 50% 
respectively of the maximum dilution rate (maximum specific growth rate, µm) 
of the culture grown at this KNO3 concentration. For the chemostats operating 
at 0.5 mM KNO3, two dilution rates of 0.012 and 0.022 h
-1 were used which 
corresponded to 25% and 50% respectively of the maximum specific growth 
rate of the culture grown at this KNO3 concentration.  
4.2.2 Glycerol measurement 
Glycerol contents were measured as described previously when the cultures 
reached steady state.   
4.2.3 Extraction of total RNA and qPCR 
RNA was isolated from cells when the cultures reached steady state and 
converted to cDNA. qPCR was performed to quantify expression of DtPFK, 
DtGPDH and DtG6PDH using the primer pairs as described in Chapter 3.  
4.2.4 Cell volume measurement 
Volume of D. tertiolecta cells was estimated as described previously. 
Approximately 30 cells were measured for each culture condition and the cell 
volume was reported as the mean of these measurements.  
4.2.5 Statistical analysis 
Samples were measured at three different time-points at steady state of each 
culture condition. The data was analyzed by independent samples T-test using 
 97 
 
SPSS Version 20 (SPSS Inc., Chicago, IL) and significance was determined at 
a 95% confidence limit.  
4.3  Results 
4.3.1 Steady state cell concentrations and glycerol production of N-
limited cultures 
At the growth rate limiting nitrate feed concentration of 0.5 mM KNO3, the 
steady state cell concentrations measured at both medium NaCl concentrations 
(0.5 M and 2.0 M) remained relatively constant at 25% and 50% µm 
(4.66x106±2.11x105 vs 4.42x106±1.07x105cells ml-1 at 25% µm and  
2.57x106±1.07x105 vs 2.53x106±9.50x104 cells ml-1 at 50% µm cells ml
-1 
respectively) (Fig. 4.1A).   
At 0.5 mM KNO3 and 0.5 M NaCl, the steady state intracellular glycerol 
concentrations (mg µm-3) measured increased significantly with the dilution 
rates (1.43x10-11±6.44x10-13 at 25% µm vs 3.09x10
-11±7.37x10-13 mg µm-3 at 
50% µm, p<0.05). The same was observed at 2.0 M NaCl (7.90x10
-11±6.01x10-
13 at 25% µm vs 1.38x10
-10±5.17x10-13 mg µm-3 at 50% µm, p<0.05) (Fig. 
4.1B). The extracellular glycerol content measured in 2.0 M compared to 0.5 
M NaCl medium was 9.9-fold (6.29x10-8±4.79x10-9 vs  6.37x10-9±2.86x10-10 
mg cell-1 at 25% µm, p<0.05) and 4.6-fold (4.99x10
-8±1.87x10-9 vs  1.08x10-
8±2.57x10-10 mg cell-1 at 50% µm, p<0.05) (Fig. 4.1C). The total glycerol 
output rates measured at 2.0 M NaCl were about three to five times higher 
than that at 0.5 M for both dilution rates (2.41x10-3±1.84x10-4 vs 4.79x10-
4±2.16x10-5 mg ml-1 h-1 at 25% µm, p<0.05 and 4.23x10
-3±1.58x10-4 mg ml-1 h-
1 vs 1.48x10-3±3.53x10-5 at 50% µm, p<0.05  respectively) (Fig. 4.1D).  
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4.3.2 Steady state cell concentrations and glycerol production of light-
limited cultures 
At 5 mM KNO3, the steady state cell concentrations at both 0.5 M and 2.0 M 
NaCl culture conditions decreased significantly with increasing dilution rate 
(p<0.05). The steady state cell concentration measured at 25% and 50% µm in 
medium containing 0.5 M NaCl was 2.32 x107±7.85x105 cells ml-1 and 
1.74x107±1.64x106 cells ml-1 respectively whereas in 2.0 M NaCl medium the 
steady state cell concentration was 1.07x107±9.01x105 cells ml-1 and 
7.97x106±3.06x105 cells ml-1 respectively (Fig. 4.2A). 
At 5 mM KNO3 and 0.5 M NaCl, the steady state intracellular glycerol 
concentrations (mg µm-3) measured at the two dilution rates were comparable 
and there was no significant difference (7.67x10-11±2.64x10-12 at 25% µm vs 
7.05x10-11±6.99x10-12 mg µm-3 at 50% µm). The same was observed at 2.0 M 
NaCl (2.02x10-10±1.65x10-11 at 25% µm vs 2.03x10
-11±7.71x10-12 mg µm-3 at 
50% µm) (Fig. 4.2B). The differences in the specific extracellular glycerol 
concentration (mg cell-1) measured in 2.0 M and 0.5 M NaCl medium was 2.4-
fold (7.52x10-8±6.15x10-9 vs 3.09x10-8±1.06x10-9 mg cell-1 at 25% µm, p<0.05) 
and 1.9-fold (2.05x10-8 ±7.79x10-10 vs 1.08x10-8±1.08x10-9 mg cell-1 ± at 50% 
µm, p<0.05) (Fig. 4.2C). Although there was a significant difference (p<0.05) 
in total glycerol output rates measured at the two salinities (0.5 M and 2.0 M 
NaCl) (1.28x10-2±4.40x10-4 vs 1.58x10-2±1.29x10-3 mg ml-1 h-1 at 25% µm and 
9.26x10-3 vs 1.12x10-2 mg ml-1 h-1 at 50% µm, respectively) (Fig. 4.2D), the 
difference was much smaller as compared to that observed at 0.5 mM KNO3 
for both dilution rates (Fig. 4.1D). The maximum total glycerol productivity 
under light- limited conditions was 1.58x10-2 mg ml-1 h-1, which was four times 
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higher than that at 5 mM nitrate feed concentration (4.23x10-3 mg ml-1 h-1) 
(Fig. 4.1D and Fig. 4.2D). 
4.3.3 Cell volumes and intracellular osmotic pressures of N and light-
limited cultures 
At the same dilution rates and salinities, volume of cells grown at N-limited 
conditions was 30-50% larger than that of cells cultured at light- limited 
conditions at the same dilution rates and salinities (p<0.05) (Fig. 4.3A and Fig. 
4.4A). On the other hand, except for cells grown at 2.0 M at 50% µm, 
intracellular glycerol concentrations (mg cell-1) of D. tertiolecta cultured at N-
limited conditions were 30-60% lower than that of cells cultured at light-
limited conditions (p<0.05) (Fig. 4.3B and Fig. 4.4B). 
In the light- limited cultures, glycerol accounted for most of the intracellular 
osmotic pressure for countering the extracellular osmotic pressure at 0.5 M 
NaCl. However, in N-limited cultures grown at the same salinity, the 
intracellular osmotic pressure attributed to glycerol was much lower than the 
extracellular osmotic pressure. In both N and light- limited cultures grown at 
2.0 M NaCl, the intracellular osmotic pressure attributed to glycerol was much 
lower than the extracellular osmotic pressure (Fig. 4.5).  
4.3.4 Expression of DtPFK, DtGPDH and DtG6PDH of N and light-
limited cultures 
The trends of DtPFK, DtGPDH and DtG6PDH expression were closely 
correlated with that of the trends in total glycerol production (mg cell-1) in 
both N and light- limited conditions at both salinities (Fig. 4.6, Fig. 4.7, Fig.  
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4.8 and Fig. 4.9) although differences in total glycerol production at 0.5 mM 


















Fig. 4.1 Steady state cell concentration and glycerol production of N-limited D. 
tertiolecta cultures grown at 0.5 M NaCl and 2.0 M NaCl. N-limited conditions were 
achieved by growing the cultures in culture medium containing 0.5 mM KNO3. Data is 
represented as means±SD. The data was analyzed by independent samples T-test. *, 
p<0.05 (A) Cell concentration (B) Intracellular glycerol concentration (mg µm-3) (C) 






















Fig. 4.2 Steady state cell concentration and glycerol production of light- limited D. 
tertiolecta cultures grown at 0.5 M NaCl and 2.0 M NaCl. Light- limited conditions 
were achieved by growing the cultures in culture medium containing 5 mM KNO3. 
Data is represented as means±SD. The data was analyzed by independent samples T-
test. *, p<0.05. (A) Cell concentration (B) Intracellular glycerol concentration (mg 
µm-3) (C) Extracellular glycerol concentration (mg cell-1) (D) Total glycerol output 
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Fig. 4.3 Cell volume and intracellular glycerol concentration (mg cell-1) of N and 
light limited cultures grown at 0.5 M NaCl. Data is represented as means±SD. The 
data was analyzed by independent samples T-test. *, p<0.05 (A) Cell volume (B) 
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Fig. 4.4 Cell volume and intracellular glycerol concentration (mg cell-1) of N and 
light limited cultures grown at 2.0 M NaCl. Data is represented as means±SD. 
The  data was analyzed by independent samples T-test. *, p<0.05 (A) Cell 
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N limited 25% µm
N limited 50% µm
Light limited 25% µm
Light limited 50% µm
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2.0 M 
Fig. 4.5 Intracellular osmotic pressure attributed to glycerol of cells at various 
culture conditions in comparison with external osmotic pressure from NaCl. Data 
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Fig. 4.6 Total glycerol concentration and expression levels of DtPFK, 
DtGPDH and DtG6PDH of N-limited cultures at 0.5 M NaCl. (A) DtPFK (B) 
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Fig. 4.7 Total glycerol concentration and expression levels of DtPFK, 
DtGPDH and DtG6PDH of light-limited cultures at 0.5 M NaCl. (A) DtPFK 
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Fig. 4.8 Total glycerol concentration and expression levels of DtPFK, 
DtGPDH and DtG6PDH of N-limited cultures at 2.0 M NaCl. (A) DtPFK 
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Fig. 4.9 Total glycerol concentration and expression levels of DtPFK, 
DtGPDH and DtG6PDH of light- limited cultures at 2.0 M NaCl. (A) DtPFK 




4.4  Discussion  
4.4.1 Steady state cell concentrations and glycerol production of N and 
light-limited D. tertiolecta cultures  
Nitrogen is an important macronutrient for growth and metabolism of 
microalgae as it is required for processes such as the formation of proteins and 
nucleic acid (El-Kassas, 2013). At 0.5 mM KNO3, the similar steady state cell 
count as well as total glycerol concentration measured at the different dilution 
rates at both NaCl concentrations (0.5 M and 2.0 M) (Fig. 4.1A) were 
reflective of the typical kinetics of a substrate- limited culture condition (Lee, 
2013). At these N-limited culture conditions, total glycerol output rates 
increased proportionally with the increase in culture medium salinity (Fig. 
4.1D). The proportional increase in intracellular glycerol in response to 
salinity has been widely reported in Dunaliella and assumed to be a major 
mechanism for maintaining intracellular osmotic pressure to counter increased 
extracellular osmolality (Ben-Amotz and Avron, 1990, Ben-Amotz and Avron, 
1981, Borowitzka and Borowitzka, 1988).  
At 5 mM KNO3, the decreasing steady state cell concentrations with 
increasing dilution rate observed at both NaCl concentrations (0.5 M and 2.0 
M) (Fig. 4.2A) reflects the typical kinetics of light- limited culture condition 
(Lee et al., 2013). On the other hand, the glycerol output rates measured at 
both salinities were comparable, suggesting that at excess nitrate conditions, 
glycerol production was a function of the available light-energy (constant light 
intensity supply to the cultures) instead of salinity as was the case with N-
limited medium (Fig. 4.2D). At higher salinity (2.0 M vs 0.5 M NaCl), a 
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correspondingly lower proportion of the glycerol synthesized was apportioned 
to the culture medium in view of a higher intracellular glycerol content (Fig. 
4.1D and Fig. 4.2C). This result suggests that total glycerol synthesis is able to 
be up-regulated upon an increase in salinity under N-limited conditions 
because there is excess light available and nitrogen is not a direct controlling 
factor. On the other hand, the Dunaliella cells release less glycerol into the 
culture medium upon an increase in salinity when conditions are light- limiting, 
showing the direct dependence of glycerol synthesis on light availability. 
Meanwhile, a consistent intracellular glycerol content (mg µm-3) was 
maintained for both dilution rates at light- limited conditions to counteract 
external osmotic pressure whereas intracellular glycerol content increased with 
dilution rate at N-limited conditions (Fig. 4.1B and Fig. 4.2B).  
4.4.2 Cell volumes and intracellular osmotic pressures of N and light-
limited cultures 
The cellular glycerol content (mg µm-3) in N-limited conditions was lower 
than that in light- limited conditions (Fig. 4.1B and Fig. 4.2B) due to the larger 
cell volume and lower intracellular glycerol concentration (mg cell-1) at N-
limited conditions than at light- limited conditions (Fig. 4.3 and Fig. 4.4). In 
addition, the intracellular osmotic pressure attributed to glycerol of the N-
limited cultures was much lower than the osmotic pressure of the external 
NaCl concentration. Similar to the observation from the investigation in 
Chapter 2 where the intracellular osmotic pressure attributed to glycerol of D. 
tertiolecta was much lower than the estimated osmotic pressure of the external 
NaCl concentrations, at 2.0 M NaCl, intracellular osmotic pressure attributed 
to glycerol of the N-limited and light- limited cultures was much lower than the 
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estimated osmotic pressure of the NaCl concentration (Fig. 4.5). Thus, there 
may be other mechanisms and osmotic solutes involved in the maintenance of 
osmotic balance in addition to glycerol at N-limited conditions and high 
salinity. Further investigations into these mechanisms and osmotic solutes are 
on-going in our laboratory.  
The close correlations of DtPFK, DtGPDH and DtG6PDH expression with 
total glycerol concentration (mg cell-1) at both N-limited and light- limited 
culture conditions reaffirms the finding in Chapter 3 and other investigations 
(Chitlaru and Pick, 1991, He et al., 2007, He et al., 2009, Chen et al., 2011, 
Liska et al., 2004) that these regulatory enzymes are crucial for glycerol 
synthesis (Fig. 4.6, Fig. 4.7, Fig. 4.8 and Fig. 4.9). 
4.5  Conclusion 
This is the first study which sheds light on the differences in the regulation of 
glycerol balance in Dunaliella in response to culture medium salinity under 
substrate- and light- limited culture conditions. In the light- limited D. 
tertiolecta culture, total glycerol output (sum of intracellular and extracellular) 
was relatively constant at different salinities (0.5 M and 2.0 M), while the 
intracellular glycerol content was proportional to the culture medium salinity, 
i.e. the cells released less glycerol into the culture medium, rather than de 
novo synthesis of glycerol at high culture medium salinity. While glycerol 
synthesis increases with salinity at substrate- limited conditions, it reaches a 
maximum dictated by the available light and fixed carbon at light- limited 
conditions. Thus, a larger proportion of glycerol synthesized is retained inside 
the cells to achieve a higher osmolality to counter that of the higher medium 
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osmotic pressure. The close correlations of DtPFK, DtGPDH and DtG6PDH 
expression with total glycerol concentration at both N-limited and light-
limited culture conditions agrees with the finding that these enzymes play 
central roles in glycerol synthesis. The findings from this investigation lay the 
foundation for further studies into the physiology of osmotic balance in 

















Chapter 5 Cloning, characterization and over-
expression of a SBPase cDNA from D. tertiolecta 
5.1  Introduction 
Light supply and photosynthetic activity were likely to be the limiting factors 
for extracellular glycerol production in D. tertiolecta as carbon fixation in the 
Calvin cycle is required for the bioconversion of carbon dioxide into glycerol 
in Dunaliella (Gimmler and Moller, 1981, Chow et al., 2013). In addition, the 
study described in Chapter 3 showed that the net photosynthetic and total 
assimilated carbon rate of D. tertiolecta remained constant when the cells were 
grown at increasing salinities despite an increase in glycerol production. 
Furthermore, a slow rate of carbon dioxide fixation may limit the conversion 
of absorbed light to biomass and other products in industrial scale microalgal 
cultures (Green and Durnford, 1996). Hence, a possible strategy to maximize 
both carbon fixation rate and glycerol production is the improvement of 
photosynthetic rate by the over-expression of regulatory enzymes involved in 
the Calvin cycle such as sedoheptulose-1,7-bisphosphatase (SBPase) (Raines 
et al., 1999). SBPase catalyzes the dephosphorylation of sedoheptulose-1,7-
bisphosphate (SBP) to sedoheptulose-7-phosphate which is a precursor for the 
regeneration of RuBP (Raines, 2003). In tobacco plants, calculations of the 
flux control coefficient of SBPase (between 0.3 to 0.5) have suggested that 
SBPase exerts significant control over carbon assimilation, especially when 
carbon dioxide and light are in excess (Raines et al., 2000). Antisense tobacco 
plants with a 30% reduction in SBPase activity showed a corresponding 
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decrease in carbon dioxide assimilation rate and had a significantly lower 
starch content (Harrison et al., 1998). In contrast, reductions of more than 50% 
in the quantities of ribulose-1,5-bisphosphate carboxylase oxygenase 
(RubisCO), glyceraldehyde-3-P dehydrogenase, fructose-1,6-bisphosphatase 
(FBPase), phosphoribulokinase (PRKase) and fructose-1,6 aldolase were 
required before photosynthesis was affected (Quick et al., 1991, Stitt et al., 
1991, Hudson et al., 1992, Krapp et al., 1994, Stitt and Schulze, 1994, 
Koßmann et al., 1994, Price et al., 1995, Haake et al., 1998). These studies 
suggest that most of the other enzymes in the Calvin cycle are present in 
excess and that catalytic activity of SBPase may limit the rate of carbon 
fixation. In D. bardawil, the over-expression of Chlamydomonas reinhardtii 
SBPase (CrSBPase) resulted in a 50-100% increase in photosynthetic 
performance in addition to increased total organic carbon content and glycerol 
production (Fang et al., 2012). 
Hence, investigations involving SBPase in Dunaliella are important for the 
study and improvement of carbon dioxide fixation in D. tertiolecta. However, 
the lack of sequence information regarding endogenous SBPase in Dunaliella 
limits investigations in these areas, especially genetic manipulation 
approaches such as over-expression. Thus, the aim of this study is to clone, 
characterize and over-express the cDNA coding for SBPase in D. tertiolecta.  
5.2  Materials and Methods 
5.2.1 Dunaliella tertiolecta culture 
D. tertiolecta was cultured at culture conditions described in Chapter 2 for 
cloning and characterization of SBPase. Cell concentration was monitored by 
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fixing cells and counting using a hemocytometer as described in previous 
chapters.   
Maintenance of D. tertiolecta culture for transformation was performed by 
growing the cells in ATCC1174DA culture medium containing 0.5 M NaCl  in 
Erlenmeyer flasks at 25°C with a photoperiod of 14 h light and 10 h dark. 
Constant agitation of 100 rpm was provided by an orbital shaker. Light was 
provided by cool white fluorescent lights at an intensity of 30 µmol photons 
m-2 s-1. Before transformation, D. tertiolecta cultured at 0.5 M NaCl was 
inoculated into 0.08 M NaCl medium and adapted for two generations.  
For characterization of transformants, wild-type and transformant cultures 
were grown in culture medium containing 0.5 M NaCl in Erlenmeyer flasks in 
a temperature controlled growth incubator (Innova 44 Incubator Shaker Series, 
New Brunswick Scientific, Edison, NJ) at 25°C with constant illumination of 
60 µmol photons m-2 s-1 provided by cool white fluorescent lights. Constant 
agitation of 100 rpm was provided by an orbital shaker. Additionally, (6)5, the 
transformant with the highest level of SBPase expression as compared to the 
wild-type, was cultured in culture medium containing 1.0 M, 2.0 M, 3.0 M and 
4.0 M NaCl at the same culture conditions used to culture D. tertiolecta cells 
for cloning and characterization of SBPase for further characterization of 
photosynthetic activity.       
5.2.2  Extraction of total RNA 




5.2.3 Cloning of cDNA sequence of SBPase by Rapid Amplification of 
cDNA Ends (RACE) 
5’ RACE and 3’ RACE were performed using the SMART RACE cDNA 
Amplification Kit (Clontech, Mountain View, CA). Gene-specific primers 
DtSBPF1 and DtSBPF2 were designed based on conserved nucleotide regions 
obtained from a multiple sequence alignment of cDNA sequences coding for 
SBPase in C. reinhardtii (GenBank accession numbers XM_001691945.1 and 
X74418.1) and Volvox carteri (GenBank accession number 
XM_002946882.1).  
3’ RACE was performed to obtain the initial cDNA fragment of DtSBP. The 
first PCR amplification was performed with primer DtSBPF1 as the forward 
primer and UPM (Clontech, Mountain View, CA) as the reverse primer using 
the 3’ RACE ready cDNA as template. Nested PCR was performed on the 
primary PCR product with NUP (Clontech, Mountain View, CA) as the 
forward primer and primer DtSBPF2 as the reverse primer to amplify a cDNA 
fragment of SBPase from D. tertiolecta.  
Reverse PCR primer SBP3 was designed based on the sequence of the isolated 
cDNA fragment of SBPase. 5’ RACE using 5’ RACE ready cDNA as 
template was performed using UPM as the forward primer and primer 




5.2.4 Sequence analysis 
PCR products obtained from RACE were purified by gel extraction and 
subsequently sequenced. Sequences were assembled using the CAP3 sequence 
assembly program (http://pbil.univ- lyon1.fr/cap3.php). Forward primer 
DtSBPF3 and reverse primer DtSBPR2 were designed to amplify the DtSBP 
cDNA using high-fidelity PfuTurbo DNA polymerase (Agilent Technologies,  
Santa Clara, CA). The full length cDNA was sequenced and named DtSBP. 
The sequence was deposited in GenBank at the National Center for 
Biotechnology Information (NCBI) (GenBank accession number KF193066). 
The putative ORF, molecular weight and pI of DtSBP were predicted using 
the same bioinformatics software as described in Chapter 3. SBPase amino 
acid sequences from Chlamydomonas sp. strain W80 (Q9MB56_CHLSW), C. 
reinhardtii (S17P_CHLRE) and wheat (Triticum aestivum) (S17P_WHEAT), 
were retrieved from the Protein Knowledgebase (UniProtKB) database and 
ClustalW was used to perform multiple sequence alignment with the translated 
DtSBP. The SBPase domain was identified by comparing with the NCBI 
Conserved Domain Database 
(http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml) and the signature 
SBPase active site motif was identified by scanning against PROSITE profiles  
(http://prosite.expasy.org/). Presence of a chloroplast transit peptide was 





5.2.5 Tertiary structure modeling 
Protein homology modeling was performed to infer the tertiary structure of 
DtSBP. The predicted tertiary structure diagram of DtSBP was generated 
using a Swiss-Model Protein Modelling Server 
(http://www.expasy.ch/swissmod/SWISS-MODEL.html) by homology 
modeling from the structure of pig kidney fructose-1,6-bisphosphatase 
(FBPase) (Protein Data Bank Code 1RDZ) (Dunford et al., 1998). Images 
were generated using RasMol version 2.7.4.2.   
5.2.6 Phylogenetic analysis 
The molecular evolution genetics analysis (MEGA) software version 5.1 was 
used to generate a neighbor-joining phylogenetic tree of DtSBP and reported 
SBPases from other organisms with Jones-Taylor-Thornton (JTT) correction 
as an evolutionary model. Bootstrap test of phylogeny (1000 replicates) was 
performed (Hall, 2011). 
5.2.7 Hyperosmotic treatments 
Hyperosmotic shock and salinity adaptation treatments to study the expression 
of DtSBP at hyperosmotic stress were performed as described in Chapter 2.  
5.2.8 Quantitative real-time PCR analysis 
Total RNA from D. tertiolecta cells after hyperosmotic treatments was 
extracted and cDNA was synthesized as described in Chapter 3. Quantitative 
real-time PCR (qPCR) was performed as described in Chapter 3 with DtTUB 
as the internal standard for normalization. Primers DtSBPRTF and 
DtSBPRTR were used to amplify the DtSBP gene fragment. Expression was 
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represented as 2-ΔCt where ΔCt is Ct DtSBP-Ct  DtTUB (Livak and Schimittgen, 
2001). 
5.2.9 Plasmid construction for over-expression of DtSBP 
The ble gene from Streptoalloteichus hindustanus which confers resistance to 
the antibiotic Zeocin (bleomycin) was used as the dominant selectable marker 
in the transformation of D. tertiolecta (Drocourt et al., 1990, Jin et al., 2001). 
The marker gene cassette consisted of a eukaryotic RubisCO (RBCS2) 
promoter from C.  reinhardtii with two introns and the Open Reading Frame  
(ORF) of the ble gene (Lumbreras et al., 1998). The vector pGreenII0000-ble 
was constructed by the laboratory by inserting the RBCS2:ble cassette in 
pSP124S  (Lumbreras et al., 1998) into the HpaI restriction site of the 
pGreenII0000 vector (Hellens et al., 2000).  
The constitutive 35S-CaMV promoter was used to drive the over-expression 
of DtSBP (Fang et al., 2012). To construct the 35S:DtSBP cassette, the full 
length coding region of DtSBP was amplified using primers SBPFHindIII and 
SBPRSacI to introduce the HindIII and SacI restriction sites respectively. The 
PCR product was digested with HindIII and SacI and inserted into the 35S-
CaMV cassette in the p35S-2 vector. The cassette containing DtSBP was 
digested with EcoRV and inserted into pGreenII0000-ble to generate 








5.2.10 Transformation of D. tertiolecta 
Prior to transformation, 1 µg of pGreenII0000-ble-35S:DtSBP was digested 
and linearized with KpnI. Wild-type D. tertiolecta was transformed using the 
glass beads mediated transformation method (Jin et al., 2001). Briefly, wild-
type D. tertiolecta grown in 0.08 M NaCl medium were harvested by 
centrifugation at 3000 g for 10 min and resuspended in 0.08 M NaCl medium 
at a cell density of 1x108 cells ml-1. 0.3 mg glass beads (425-600 µm, Sigma), 
0.3 ml of cell suspension, 0.1 ml of freshly prepared 20% PEG (8000) and 1 
µg of linearized plasmid were added to a 10 ml bacteria culture tube. The 
mixture was vortexed for 20 s at maximum speed. Subsequently, 2 ml of 0.08 
M NaCl medium was added to the algae and the mixture was incubated 
overnight on a shaker under 30 µmol photons m-2 s-1 for recovery. To select 
for Zeocin resistance, transformants were plated on a 1.5% agar plate 
containing Zeocin at a concentration of 8 µg ml-1. 14 days after transformation, 
Zeocin-resistant colonies were transferred to 6-well plates containing 0.5 M 
NaCl medium without Zeocin.  
5.2.11 Genomic DNA extraction 
Genomic DNA (gDNA) was extracted from transformed cells grown in the 6-
well plates. Cells were collected by centrifugation at 10 000 g for 20 min. The 
cell pellet was re-suspended in SDS extraction buffer (2% SDS, 400 mM NaCl, 
40 mM EDTA, 100 mM Tris-HCl, pH 8.0). The mixture was incubated for 30 
min at 65°C and an equal volume of a solution of chloroform/ethanol/isoamyl 
alcohol in the ratio of 20:4:1 was added. The mixture was centrifuged for 30 
min at 12 000 g at 4°C and 1 volume of isopropanol was added to the aqueous 
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phase. The mixture was centrifuged for 20 min at 12 000 g at at 4°C. The 
supernatant was removed and the pellet was washed twice with 70% ethanol. 
The pellet was dried and re-suspended in water.    
5.2.12 Genotyping PCR 
Primers bleF and bleR were used to amplify an approximately 500 bp section 
of the ble sequence using 1 µg of gDNA as a template. PCR conditions used 
were as follows: 95°C/5 min, 30 cycles of 95°C/30 s, 59.4°C/30 s and 72°C/1 
min 30 s followed by an elongation step at 72°C for 7 min. pGreenII0000-ble-
35S:DtSBP plasmid was used as the positive control. Genotyping PCR was 
performed on a negative control without genomic DNA. 
Agarose gel electrophoresis was used to visualize the amplification of the ble 
fragment. Transformants which show an amplification of the 500 bp product 
were screened by qPCR to identify transformants with increased expression of 
DtSBP.  
5.2.13 Screening of transformants with increased expression of DtSBP by 
qPCR   
qPCR was used to identify transformants with increased expression of DtSBP. 
At the start of the experiment, cultures were resuspended to a OD680 of 0.3 and 
cultured in the growth incubator. RNA was extracted from cells at the late 
exponential phase (Day 4) and cDNA was synthesized. qPCR was performed 
using DtSBPRTF and DtSBPRTR as primers. Expression of DtSBP was 
compared to the wild-type culture for selection of transformants with the 
highest over-expression of DtSBP. 
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Transformants which showed an increased expression of DtSBP as compared 
to the wild-type were selected for further characterization of photosynthetic 
activity, growth and glycerol production.  
5.2.14 Photosynthetic activity measurement of transformants 
Oxygen evolution activities of the selected transformants were measured at 
25°C with a Clark-type oxygen electrode (Rank Brothers Ltd, Cambridge, 
United Kingdom) illuminated with a slide-projector lamp at a light intensities 
of 30, 60, 100, 200, 400, 600, 800, 1000 and 1200 µmol photons m-2 s-1. 
Additionally, transformant (6)5, which had the largest increase in DtSBP 
expression as compared to the wild-type, was cultured at 1.0 M, 2.0 M, 3.0 M 
and 4.0 M NaCl and oxygen evolution activities at each salinity were 
measured at light intensities of 30, 100, 200, 400, 600, 800, 1000 and 1200 
µmol photons m-2 s-1.    
Prior to oxygen evolution measurements, chlorophyll concentrations of the 
cultures were determined as described in Chapter 3 and oxygen evolution 
measurements were performed as previously described. The light saturation 
curves were constructed by recording the rate of oxygen evolution measured at 
each light intensity.  
5.2.15 Growth kinetics and glycerol production of transformants 
Glycerol production and specific growth rates of the transformants were 
determined. At the start of the experiment, cultures were re-suspended to a 
OD680 of 0.3 and grown in Erlenmeyer flasks containing 0.5 M NaCl medium 
at 25°C at a constant light intensity of 60 µmol photons m-2 s-1 in a growth 
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chamber. Specific growth rate was calculated as previously described and 
glycerol content of cells at the late exponential phase was assayed.   
5.2.16 Glycerol measurement 
Glycerol was measured as described previously.  
5.2.17 Statistical analysis 
Each result shown is the mean of three experimental replicates. The data was 
analyzed by independent samples T-test, One-way Analysis of Variance 
(ANOVA) (Dunnett’s T test) and linear regression was performed using SPSS 
Version 20 (SPSS Inc., Chicago, IL). Significance was determined at a 95% 
confidence limit.  
5.3  Results 
5.3.1 Sequence analysis of DtSBP cDNA 
The full length DtSBP cDNA with 5’ and 3’ un-translated regions (UTRs) was 
1631 bp long. The ORF was 1173 bp long while the flanking 5’ and 3’ UTRs 
were 47 bp and 411 bp long respectively. The ORF encodes a polypeptide of 
390 amino acids with a predicted molecular weight of 41.9 kDa and pI of 8.48. 
The length of the deduced polypeptide is similar to other SBPases from green 
algae. The first 62 amino acids at the N terminal were predicted to be a 
chloroplast targeting peptide (Fig. 5.2).  
Conserved domain analysis showed that the D. tertiolecta SBPase contains a 
SBPase domain from Thr78 to Gly378. Analysis of translated DtSBP by 
BLASTP in the Protein Knowledgebase (UniProtKB) database indicated that 
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the predicted polypeptide shared high identities with SBPases from other 
microalgae and plants such as V. carteri (D8TJY9_VOLCA, 72%), 
Chlamydomonas sp. strain W80 (Q9MB56_CHLSW, 71%), C. reinhardtii 
(S17P_CHLRE, 70%), T. aestivum (S17P_WHEAT, 65%), Oryza sativa 
(Q84JG8_ORYSI, 64%), Physcomitrella patens (A9U222_PHYPA, 64%) and 
Arabidopsis thaliana (S17P_ARATH, 63%).  
Similar to other SBPases, D. tertiolecta SBPase contains the highly conserved 
FBPase/SBPase signature motif “AKLRILFEVAPLG”. Other features of 
SBPases were also identified in the putative polypeptide encoded by DtSBP. 
Asp176, Ser178, Ser179, Asn261, Arg286, Tyr287, Met291, Asn308 and 
Lys317 were identified as active site residues that bind the carbon substrate 
(Fig. 5.3). Inference of the tertiary structure diagram of DtSBP revealed that 
the active site residues are located at the boundary of the subunit (Fig. 5.4). 
Asp132, Glu155, Glu156, Asp173 and Leu175 and Glu323 were predicted as 
divalent metal ion binding residues required for catalytic activity while Leu75, 
Thr78, Asp85, Thr87, Gln88, Asp89, Gly167, Phe168 and Pro195 were 
predicted as residues corresponding to the adenosine monophosphate (AMP) 
binding region in pig FBPase (Fig. 5.3). The AMP binding residues form a 
distinct pocket that is remote from the active site (Fig. 5.4).  
9 cysteine residues were identified in the putative amino acid sequence of the 
newly-cloned DtSBP (Cys102, Cys115, Cys120, Cys143, Cys153, Cys183, 
Cys211, Cys355 and Cys362) (Fig. 5.4). The distance between the sulphur 
atoms of 2 cysteines (Cys153 and Cys355) is 2.03 Å. Thus, they appear to be 
sufficiently close and in the correct orientation for the formation of the redox-
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sensitive disulphide bond important in the regulation of SBPase activity (Fig. 
5.4) (Dunford et al., 1998). 
5.3.2 Phylogenetic analysis 
Phylogenetic analysis showed that D. tertiolecta SBPase is grouped with 
SBPases from green algae of the Chlorophyte lineage. (Fig. 5.5). 
5.3.3 DtSBP expression during hyperosmotic conditions 
Transcript levels of DtSBP were transiently up-regulated 4 to 8 h after cells 
were transferred from 2.0 M to 4.0 M NaCl. A twenty-fold increase in the 
expression of DtSBP (p<0.05) was observed 4 to 6 h after the sudden increase 
in salt concentration. Transcript levels of DtSBP subsequently returned to 
levels similar to that of the control within 72 h of the increase in salt 
concentration (Fig. 5.6).  
When cells were cultured at various salinities, there was a strong positive 
linear relationship between salt concentration and expression levels of DtSBP 
(R2= 0.9622, p<0.05). There was a significant increase in transcript levels of 
DtSBP at 2.0 M and 4.0 M NaCl as compared to 0.5 M NaCl (p<0.05) (Fig. 
5.7). 
5.3.4 Characterization of DtSBP transformants  
Genotyping PCR showed that most of the colonies were successfully 
transformed with the DtSBP over-expression construct (Fig. 5.8). Three 
transformants which showed increased expression of DtSBP were selected for 
characterization. The expression of DtSBP in transformant (1)2 was 1.6 times 
higher than that of the wild-type (Fig. 5.9B) while expression of DtSBP in 
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transformants (6)5 and (11)6 was 3.8 and 3 fold higher respectively (p<0.05) 
(Fig. 5.9A and 5.9I). Photosynthetic rates of transformant (1)2 were 
comparable with the wild-type. There was a small (approximately 20%) but 
insignificant increase in the photosynthetic rates of transformants (6)5 and 
(11)6 with the wild-type at most of the light intensities (Fig. 5.10). No 
significant differences were observed in the photosynthetic rates of 
transformant (6)5 with the wild-type when grown at 1.0 M, 2.0 M, 3.0 M and 
4.0 M NaCl (Fig. 5.11). Growth rates and glycerol production of the 
transformants were comparable with the wild-type (Fig. 5.12). 
5.4  Discussion 
5.4.1 Sequence analysis  
Our previous investigations have identified D. tertiolecta as a candidate for 
carbon dioxide sequestration based on its significant production of 
extracellular glycerol as an additional carbon sink (Chow et al., 2013). To 
maximize the potential of D. tertiolecta in carbon dioxide mitigation strategies, 
photosynthetic processes of Dunaliella, especially those involved in carbon 
fixation, should be understood and improved. However, molecular biology 
studies in these areas in Dunaliella are hampered by a lack of sequence 
information of enzymes in the Calvin cycle.   
DtSBP is the first reported SBPase cDNA cloned from Dunaliella. The 
predicted polypeptide encoded by DtSBP is similar in length (Fig. 5.2), 
molecular weight and pI to reported SBPases from C. reinhardtii 
(S17P_CHLRE) and V. carteri (D8TJY9_VOLCA). It shares a high level of 
identity of approximately 70% with SBPases from other green microalgae and 
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plants, indicating that the SBPase enzyme is highly conserved among 
photosynthetic organisms.  
5.4.2 Predicted tertiary structure and regulation of DtSBP 
SBPase functions as a homodimer with each subunit consisting of alternating 
layers of alpha helices and beta sheets in an αβαβα configuration (Zhang et al., 
1994, Liang et al., 1993). The active sites are located at the boundary of the 
subunits with each subunit contributing to the active site of its partner 
(Dunford et al., 1998). Consistent with the reported observation, the predicted 
active site residues in the putative tertiary structure of DtSBP are located at the 
boundary of the subunit. 
Although SBPase is structurally related to FBPase, it is not regulated by AMP 
(Dunford et al., 1998). During allosteric deactivation of FBPase, AMP binds 
to the AMP binding domain and causes a rotation of the subunits relative to 
each other, thus altering the conformation of the active site (Zhang et al., 1994, 
Liang et al., 1993). Unlike FBPase, SBPase is a thiol-modulated enzyme in the 
photosynthetic carbon reduction cycle which is regulated by a 
ferredoxin/thioredoxin system (Breazeale et al., 1978, Cadet and Meunier, 
1988). Breakage of the disulphide bond between two active cysteine residues 
by reduction results in activation of SBPase whereas formation of the 
disulphide bond by oxidation de-activates the enzyme (Dunford et al., 1998). 
This is because the formation of the redox-sensitive disulphide bond causes a 
conformational change which locks the enzyme into an inactive form 
(Dunford et al., 1998, Anderson et al., 1996). The importance of disulphide 
bond formation in the regulation of enzymatic activity is evident from the 
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identification of a SBPase from the halotolerant Chlamydomonas sp. strain 
W80 which is not strongly regulated by the ferredoxin/thioredoxin system due 
to the absence of redox-sensitive disulphide bond formation (Tamoi et al., 
2001).  
Cysteine residue pairs in wheat (Cys52 and Cys57) and C. reinhardtii SBPase 
(Cys95 and Cys310) have been identified to be important in allosteric 
regulation of SBPase activity (Raines et al., 2000, Dunford et al., 1998, 
Anderson et al., 1996). The two active cysteines in wheat SBPase are located 
on a Cys-Gly-Gly-Thr-Ala-Cys regulatory loop linking the H2 and H3 helices 
(Dunford et al., 1998). The formation of a disulphide bridge at these cysteines 
causes a change in the orientation of the helices and locks the enzyme in an 
inactive form. Although this consensus sequence is highly conserved in the C. 
reinhardii SBPase except for a substitution of glycine to alanine at position 
116, the active cysteines of the C. reinhardtii SBPase are not located on the 
regulatory loop. In contrast, they are located separately on the nucleotide and 
carbon substrate binding domains respectively. Hence, the presence of a 
disulphide bridge at these cysteines would connect and lock both domains of 
the enzyme, thus inactivating it (Anderson et al., 1996).  
Similar to C. reinhardtii SBPase, the consensus sequence of the regulatory 
loop is largely conserved in DtSBP (Fig. 5.3). However, the regulatory 
cysteines of DtSBP are located on the nucleotide (Cys153) and carbon 
substrate (Cys355) binding domains respectively, suggesting that DtSBP may 
also be redox-regulated by the ferredoxin-thioredoxin system in a similar 
manner to that of the C. reinhardtii SBPase (Fig. 5.4). The location of the 
active cysteines of DtSBP also provides further evidence that unlike higher 
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plants, the cysteines in the conserved regulatory loop may not be involved in 
disulphide bridge formation in microalgae such as Chlamydomonas and 
Dunaliella. Instead, the use of the intra-domain disulphide bond in SBPase 
regulation may allow more flexibility for the microalgae to respond to 
metabolic conditions (Anderson et al., 1996). The tertiary structure inferences 
of the C. reinhardtii SBPase and DtSBP can be confirmed by crystallographic 
studies. 
5.4.3 Phylogenetic analysis 
The phylogenetic tree constructed using the neighbor-joining algorithm 
revealed that SBPases are broadly classified into two groups: plant and non-
plant. The non-plant group is further divided into green algae and brown or red 
algae. DtSBP clusters with SBPases from Chlamydomonas sp. strain W80, C. 
variabilis, V. carteri and C. reinhardtii, confirming that DtSBP is more 
closely related to SBPases from green microalgae of the Chlorophyte lineage 
(Fig. 5.5). 
5.4.4 Expression of DtSBP at hyperosmotic conditions 
The expression of photosynthesis related genes such as SBPase in higher 
plants like Arabidopsis and rice is inhibited by salt stress (Seki et al., 2002, 
Chao et al., 2005). A cDNA microarray analysis of Arabidopsis genes 
revealed that the expression of SBPase in A. thaliana decreased steadily over 
time when A. thaliana was transferred to 250 mM NaCl solution and reached 
10% of the unstressed levels within 24 h of the salt treatment (Seki et al., 
2002). Unlike the expression of SBPases in plants which is repressed by salt 
stress, transcript levels of DtSBP were up-regulated during hyperosmotic 
 130 
 
treatments. There was a twenty-fold increase in transcript levels of DtSBP 4 to 
6 h after D. tertiolecta cells were transferred from 2.0 M NaCl to 4.0 M NaCl 
and thereafter, expression of DtSBP returned to levels similar to that of the 
control (Fig. 5.6). The transient up-regulation of DtSBP expression when cells 
were shifted to a higher salt concentration is similar to the increase in the 
expression of several salt- induced enzymes observed in Dunaliella when cells 
were transferred to higher salinities (Liska et al., 2004, Cui et al., 2010a, Cui 
et al., 2010b, He et al., 2007, He et al., 2009, Yang et al., 2007).  
When D. tertiolecta was cultured in media containing different salt 
concentrations, there was a strong positive linear relationship between salt 
concentration and DtSBP expression (R2= 0.7568, p<0.05) with a significant 
increase in transcript levels at 2.0 M and 4.0 M NaCl (p<0.05) (Fig. 5.7). This 
suggests that DtSBP is up-regulated by salt with the largest increase in DtSBP 
expression occurring during a sudden increase in salt concentration.  
In a functional expression screen for anti-stress genes from a pooled cDNA 
library of salt-stressed halotolerant Chlamydomonas sp. strain W80 using E. 
coli, expression of SBPase conferred salt stress tolerance to the bacteria 
(Miyasaka et al., 2000). Similarly, the up-regulation of DtSBP by salt may be 
involved in an adaptation response of D. tertiolecta for survival during 
hyperosmotic conditions, possibly in the maintenance of a level of 
photosynthetic activity required for cell viability. With the elucidation of the 
cDNA sequence information of DtSBP in this part of the study, antibodies 
specific to DtSBP can be designed as the next step in the investigation of the 






















Fig. 5.2 Deduced amino acid sequence of DtSBP. Underlined region, amino acid 
residues predicted to be a chloroplast transit peptide. 
Fig. 5.3 ClustalW alignment of deduced amino acid sequence of DtSBP with 
SBPases from Chlamydomonas sp. strain W80 (Q9MB56_CHLSW), C. reinhardtii 
(S17P_CHLRE) and wheat (S17P_WHEAT),  Dark shadings, residues identical in 
all sequences. Grey shadings, highly conserved residues in sequences. Closed 
triangles, sedoheptulose-1,7-bisphosphatase active site residues. Boxed region, 
consensus sequence of regulatory loop. Underlined region, conserved signature 
pattern of sedoheptulose-1,7-bisphosphatase. Open circles, divalent metal ion 
binding residues. Filled circles, residues corresponding to AMP binding region in 
pig FBPase. Filled arrows, cysteine residues. Numbers indicate the positions of the 























Fig. 5.4 Predicted tertiary structure of DtSBP. Cysteine residues are in green 
and the sulphurs in red. Numbers indicate the positions of the cysteine 
residues. The active site is arrowed. *, AMP binding pocket in pig FBPase. 
Fig. 5.5 Phylogenetic analysis of DtSBP. Neighbour-joining bootstrap 
values are indicated above the branches. Oryza sativa (Q84JG8_ORYSI), 
Zea mays (B6T2L2_MAIZE), Triticum aestivum (S17P_WHEAT), 
Arabidopsis thaliana (S17P_ARATH), Arabidopsis lyrata 
(D7LV89_ARALL), Physcomitrella patens (A9U222_PHYPA), 
Chlamydomonas sp. strain W80 (Q9MB56_CHLSW), Chlorella variabilis 
(E1Z6L2_CHLVA), Volvox carteri (D8TJY9_VOLCA), Chlamydomonas 
reinhardtii (S17P_CHLRE), Ectocarpus silliculosus (D7FKR0_ECTSI), 



















5.4.5 Characterization of DtSBP transformants 
Although it was demonstrated previously in D. bardawil that the over-
expression of CrSBPase resulted in an increase in photosynthetic performance, 































































Fig. 5.6 Changes in expression levels of DtSBP when D. tertiolecta was 
subjected to a sudden increase in NaCl concentration. Data is represented as 
means±SD. 
Fig. 5.7 Linear regression of NaCl concentrations with DtSBP transcript 
expression levels when D. tertiolecta was cultured at different salinities.  Data 
is represented as means±SD. The data was analyzed by one-way ANOVA 





growth and glycerol production in the D. tertiolecta SBPase over-expression 
transformants were comparable with the wild-type (Fig. 5.10, Fig. 5.11 and 
Fig. 5.12). Photosynthetic rates of (6)5 and wild-type were also similar when 
cultures were grown at various salinities (Fig. 5.11). This suggests a possible 
difference in the physiology of D. bardawil and D. tertiolecta. In D. tertiolecta, 
unlike D. bardawil, the rate of carbon fixation may not be limited by SBPase 
at these culture conditions. The increase in DtSBP expression levels without a 
corresponding increase in photosynthetic activity was also observed 
previously in Chapter 3 when D. tertiolecta cells were subjected to a 
hyperosmotic shock. More transformants with higher DtSBP expression 
should be generated and characterized in future investigations to validate the 
conclusions in this study. In addition, as transient expression of transgenes are 
commonly observed in microalgae, the stability of the over-expression of 
DtSBP may be improved by optimization of the construct such as the use of 
strong endogenous promoters and intron sequences (Leon-Banares et al., 
2004). Further evidence of an increase in DtSBP expression in the 
transformants may also be provided in future investigations by measuring 
levels of the DtSBP protein or enzymatic activity. However, as this is the first 
cDNA coding for DtSBP that has been cloned from Dunaliella, specific 
antibodies to DtSBP are not available and development of these antibodies is 
beyond the scope of this study. In addition, the substrate of DtSBP, 
sedoheptulose-1,7-bisphosphate, is not readily available. Hence, enzymatic 















Fig. 5.8 Genotyping PCR of DtSBP over-expression transformants. M, 1 kb DNA ladder (O’ GeneRulertm 1 kb DNA 
ladder, Thermo Scientific). WT, wild-type, +ve, +ve control, -ve, -ve control, *, transformants selected for qPCR 










































































































































































































































































































































































































Fig. 5.9 Relative expression of DtSBP in wild-type and transformants. Data is 
represented as means±SD. *, transformants selected for characterization.  
 
Fig. 5.10 Photosynthetic activity of the wild-type and selected DtSBP 









































































































































































































Fig. 5.11 Photosynthetic activity of the wild-type and transformant (6)5 at 
various salinities. Data is represented as means±SD. (A) 1.0 M NaCl (B) 2.0 




Table 5.1 Specific growth rate of the wild-type and selected DtSBP 
transformants at 0.5 M NaCl. 













5.4.6 Other factors which may limit carbon dioxide fixation in D. 
tertiolecta 
In addition to carbon fixation, other processes such as the availability of 
carbon dioxide may have limited the rate of photosynthesis in D. tertiolecta in 
the conditions used in this study. At the pH (7-8) of the culture medium which 
is similar to the pH of seawater, HCO3
- is the predominant form of dissolved 
inorganic carbon (Coleman, 2000). However, only inorganic carbon in the 



























Fig. 5.12 Glycerol production of the wild-type and selected transformants. 
Data is represented as means±SD. 
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of RubisCO for carbon dioxide as a substrate (Cooper et al., 1969). In addition, 
the solubility of carbon dioxide decreases with increasing salinity (Ben-Amotz 
et al., 2009). It has been shown that the supply of carbon dioxide at a cell’s 
surface may limit photosynthesis and growth in marine phytoplankton 
(Riebesell et al., 1993). To maintain high photosynthetic rates at low 
concentrations of carbon dioxide, microalgae have carbon concentrating 
mechanisms which involve active transport of inorganic carbon species to 
improve the supply of carbon dioxide to RubisCO (Reinfelder, 2011). 
Microalgae such as D. tertiolecta have been shown to take up both CO2 and 
HCO3
- by active transport (Amoroso et al., 1998). Interconversion between 
carbon dioxide and HCO3
- is facilitated by zinc metalloenzyme carbonic 
anhydrases which catalyze the reversible hydration of CO2. (Moroney et al., 
2001, Khalifah, 1971). Extracellular carbonic anhydrases facilitate the 
interconversion of carbon dioxide and HCO3
- before carbon dioxide is taken 
into the cell while intracellular carbonic anhydrases convert the HCO3
- taken 
up by the cell to carbon dioxide which enters the chloroplast (Giordano et al., 
2005). This facilitates diffusion of carbon dioxide into and within cells, thus 
increasing the concentration of dissolved carbon dioxide at the cell surface or 
at the site of carbon fixation by RubisCO in the chloroplast (Reinfelder, 2011). 
Hence, the activity of carbonic anhydrases in converting HCO3
- to carbon 
dioxide in the facilitation of carbon dioxide diffusion may limit carbon fixation 
in D. tertiolecta grown at a pH of 7-8 in this study. This may have limited the 
photosynthetic rate of D. tertiolecta during the hyperosmotic shock as well as 
resulted in the similar photosynthetic activities of the wild-type and the 
transformants although an increase in DtSBP expression was observed in both 
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situations. Thus, an over-expression of carbonic anhydrase may increase the 
rate of carbon fixation by accelerating the formation of carbon dioxide at or 
near the cell surface. Investigations into the other processes and enzymes 
which may limit carbon fixation in D. tertiolecta are ongoing in the laboratory.   
5.5  Conclusion 
In conclusion, this study has presented the first cDNA coding for SBPase in 
Dunaliella and its expression at hyperosmotic conditions. The deduced tertiary 
structure of DtSBP suggests that the enzyme may be redox-regulated in a 
manner similar to that of C. reinhardtii SBPase. The up-regulation of DtSBP 
during salt treatment may be an adaptation strategy of D. tertiolecta to 
hyperosmotic conditions. The findings from this study serve as the foundation 
for future investigations such as crystallographic studies to confirm the tertiary 
structure of DtSBP and the development of antibodies for stud ies of the 
DtSBP protein. cDNA sequences of SBPase from other Dunaliella species can 
also be cloned and characterized in future investigations. Hence, it is hoped 
that the cloning of the DtSBP sequence will aid in future investigations into 
the role of SBPase in metabolic control of the Calvin cycle in D. tertiolecta for 
the understanding as well as improvement of carbon fixation.  
Homologous over-expression of DtSBP did not result in a significant increase 
in photosynthetic activity. It has been postulated that other processes such as 
the availability of carbon dioxide may limit the rate of carbon fixation in D. 
tertiolecta at these culture conditions. This provides preliminary evidence that 
there may be other enzymes and processes which limit carbon fixation in D. 
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tertiolecta at these conditions and further investigations are on-going to 




Chapter 6 Conclusion and future directions 
The potential of the unicellular halotolerant green microalga Dunaliella as a 
microalgal candidate for biological carbon dioxide sequestration was  
investigated and demonstrated in this project. Intracellular glycerol 
concentration of the three Dunaliella species, D. bardawil, D. primolecta and 
D. tertiolecta characterized in this study was proportional to salinity. These 
species also produced substantial amounts of extracellular glycerol, in 
agreement with the observation of some reports that Dunaliella produces 
extracellular glycerol under normal growth conditions. The deviation from the 
positive linear trend of intracellular osmotic pressure and external osmotic 
pressure of NaCl for D. primolecta and D. tertiolecta suggests the existence of 
other mechanisms and osmotic solutes for the maintenance of osmotic 
pressure in these species.  
The selected Dunaliella species for further investigation, D. tertiolecta was 
found to produce extracellular glycerol continually, implying that extracellular 
glycerol may pose as an effective and novel carbon sink not limited by cell 
volume. This finding provides insights into the development of a more viable 
bioprocess for photosynthetic glycerol production from D. tertiolecta which 
does not require energy intensive processes such as cell breakage. Unlike D. 
salina in which photosynthesis is up-regulated at higher salinities to 
accommodate the increased fixed carbon requirements for glycerol synthesis, 
there was no increase in photosynthesis of D. tertiolecta when cultured at 
higher salinities. This implies that carbon channeling from a constant fixed 
carbon pool is the predominant mechanism for glycerol synthesis in D. 
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tertiolecta. qPCR analysis revealed that expression of DtPFK, DtGPDH and 
DtG6PDH was up-regulated with increasing salinities to facilitate carbon 
channeling to glycerol synthesis in D. tertiolecta. Protein expression levels 
and enzymatic activities should be quantified in future investigations to 
validate these results. 
The investigation of glycerol synthesis of D. tertiolecta at N and light- limited 
culture conditions was the first study to reveal differences in regulatory 
mechanisms in the accumulation of intracellular glycerol in D. tertiolecta at 
these conditions. Intracellular glycerol accumulation in light limited D. 
tertiolecta cultures is determined by partitioning of glycerol across the cell 
membrane instead of de novo synthesis in response to salinity as in N-limited 
conditions. The much lower intracellular osmotic pressure accounted for by 
glycerol at N-limited conditions and high salinity as compared to the osmotic 
pressure from the external salinity provides further evidence that in addition to 
glycerol, there may be alternative osmoregulatory mechanisms and solutes 
involved in the maintenance of osmotic balance at these conditions.  
Based on the findings from the physiological studies of glycerol synthesis that 
glycerol synthesis may be limited by photosynthesis, an approach to maximize 
both carbon dioxide fixation rate and glycerol production in D. tertiolecta 
would be to improve photosynthesis by over-expressing regulatory enzymes in 
photosynthesis such as SBPase. The first cDNA coding for SBPase, DtSBP, in 
Dunaliella was cloned in this study. Unlike most SBPases in plants which are 
inhibited by salt stress, expression of DtSBP was up-regulated by 
hyperosmotic stress conditions. With the elucidation of DtSBP, specific 
antibodies can be generated in further investigations of SBPase in D. 
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tertiolecta. Subsequently, over-expression of DtSBP can be optimized and 
cDNA sequences of SBPase from other Dunaliella species can be cloned. 
Homologous over-expression of SBPase in D. tertiolecta did not result in an 
increase in photosynthetic activity. Hence, carbon fixation in D. tertiolecta 
may be limited by other factors such as the availability of carbon dioxide. A 
possible future work would be to over-express enzymes important for 
increasing carbon dioxide availability such as carbonic anhydrase.  
As the performance of microalgae is highly dependent on strain and culture 
conditions, it should be noted that the observations and conclusions from this 
project may only apply to the Dunaliella species at the culture conditions 
employed in this investigation. Nevertheless, the findings from this project 
have provided useful insights into future investigations into the development 
of a carbon dioxide bioconversion process for photosynthetic production of 
glycerol as well as contributed to a greater understanding of glycerol synthesis 
in D. tertiolecta for the maximization of photosynthesis and glycerol 
production. It is hoped that the information gained from this project would 
contribute to the feasibility of D. tertiolecta as a microalgal candidate for 
carbon dioxide sequestration.    
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Composition of ATCC1174DA culture medium 
Component  Concentration 
NaCl 2.0 M 
Tris-HCl (pH 7.5) 50 mM 
NaHCO3 20 mM 
KNO3 5 mM 
MgSO4.7H20 5 mM 
CaCl2 300 µM 
KH2PO4 100 µM 
FeCl3 solution 50.0 ml 
H3BO3 97 µM 
MnCl2.4H20 500 nM 
ZnCl2 102 nM 
CoCl2.6H20 20 nM 
CuCl2.2H20 199 pM 
Distilled water To 1L 
 
FeCl3 solution 
Component  Concentration 
FeCl3 1.18 µM 
EDTA 15.7 µM 
Distilled water 50.0 ml 
 
Glycerol assay standard curve 
 








y = 0.8133x 





























AAGCAGTGGTATCAACGCAGAGT Nested 3’ and 
5’ RACE 
DtPFKF1 CTCCATGGCATCAGGTGTTGTG 3’ RACE 
of DtPFK 
 
DtPFKF2 ATGTGTGCCTCATCCCTGAGATT Nested 3’ 
RACE of 
DtPFK 
DtPFKR1 CAATATCTGCCAGGATGGGGTT 5’ RACE 
of DtPFK 
DtPFKR2 CCCTTTGAAGCACCCTTCACAA Nested 5’ 
RACE of 
DtPFK 









5’ RACE of 
DtGPDH 
 
Primers used in this project 
 160 
 
Primer Sequence (5’-3’) Usage 
DtGPDHR2 TGTACTCGATCAGGTTGC Nested 5’ 
RACE of 
DtGPDH 
DtGPDHR3 GAAGGCATCTGCTCCATC Nested 5’ 
RACE of 
DtGPDH 
DtG6PDHF1  TGTGGAGAAGCCCTTTGGCAGGGACAGC 3’ RACE of 
DtG6PDH 
DtG6PDHF2 CTGATTGAGAACCTGACAGTGCTGCGCTT Nested 3’ 
RACE of 
DtG6PDH 
DtG6PDHR1 CTGAATGCGGATCACAAGCTCGTTGGTGG 5’ RACE of 
DtG6PDH 
DtG6PDHR2 AGCGCCTTGCCAGCCTTGAGCAG Nested 5’ 
RACE of 
DtG6PDH 
DtGPDHF3 GATGCTTCTCCAGAAAGG Cloning of 
DtGPDH 
DtGPDHR4 CAAGAATTGGACGGAATAG Cloning of 
DtGPDH 
DtG6PDHF3 TCAACCCTTAGCTCGTGC Cloning of 
DtG6PDH 
DtG6PDHR3 CTGATGTAACCATTGAACAC Cloning of 
DtG6PDH 
DtTUBRTF CAGATGTGGGATGCCAAGAACAT qPCR of 
DtTUB  




Primer Sequence (5’-3’) Usage 
DtPFKRTF CTCCATGGCATCAGGTGTTGTG qPCR of 
DtPFK 
DtPFKRTR CAATATCTGCCAGGATGGGGTT qPCR of 
DtPFK 
DtGPDHRTF CTGAAGAACATCGTGGCTGT qPCR of 
DtGPDH 
DtGPDHRTR ATGGAGGCTTTACTGTTGGG qPCR of 
DtGPDH 
DtG6PDHRTF GCCATCCGTAATGAGAAGGT qPCR of 
DtG6PDH 
DtG6PDHRTR TATTGGCCCAGTGTGACATC qPCR of 
DtG6PDH 
DtSBPF1 TGACCCAGGCCAAGATCGGCGACAGC 3’ RACE of 
DtSBP 
DtSBPF2 AAGCTGCTGTTCGAGGCCCTGAAGTACT Nested 3’ 
RACE of 
DtSBP 
DtSBPR1 CAGCTTCTCGTATTGAGGGTTGTCTGAGG 5’ RACE of 
DtSBP 
DtSBPF3 TGTTCTTGAGGCCACACC Cloning of 
DtSBP  
DtSBPR2 GGTGCAATTTCAACTCCAC Cloning of 
DtSBP 




Primer Sequence (5’-3’) Usage 
DtSBPRTR TTGATAGGCACATCCAGAGC qPCR of 
DtSBP 





into the 5’ end 
of the coding 
region of 
DtSBP 




into the 3’ end 
of the coding 
region of 
DtSBP 




bleR TCCTGCTCCTCGGCCACGAAGT Genotyping 
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